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RTCC REQUIREMENTS FOR MISSION G :  MSFN TRACKING DATA 

PROCESSOR FOR POWERED FLIGHT LUNAR ASCENT/DESCENT NAVIGATION 

By W .  M. Lear ,  TRW Systems Group, and 
Howard G .  de'lezin, Jr.,  Alan D. Wylie, and E m i l  R .  Sch ie s se r  

Mathematical Physics  Branch 

1 . 0  INTRODUCTION 

This r e p o r t  p re sen t s  t h e  bas i c  RTCC requirements f o r  a MSFN t r a c k i n g  
d a t a  processor  which i s  designed t o  process  high-speed S-band t r a c k i n g  
d a t a  t o  determine t h e  p o s i t i o n  and v e l o c i t y  of t h e  LM dur ing  powered 
descent  and ascent  from t h e  lunar  su r face .  These MSFN s t a t e  vec to r s  are 
used t o  determine whether t h e  primary guidance and naviga t ion  c o n t r o l  
system (PGNCS) o r  t h e  abor t  guidance system (AGS) i s  t h e  more c o r r e c t  
LM naviga t ion  system if t h e  two s i g n i f i c a n t l y  d i sag ree .  

The program w i l l  be used t o  process  high-speed f r e e - f l i g h t  d a t a  
as a s p e c i a l  case of powered f l i g h t ,  bu t  only f o r  s h o r t  a r c s  p r i o r  t o  
descent  and fol lowing ascent .  
way and/or two-way Doppler t r ack ing  d a t a  simultaneously from one t o  
f o u r  t r ack ing  s t a t i o n s .  The expected t r a c k i n g  d a t a  ra te  i s  10 measure- 
ments pe r  second. The expected d a t a  processing ra te  i s  one measurement 
every 0.2 o r  0 .4  second. 
every Q.4 second (0 .5 ,  0 .6 ,  e t c . )  might r e q u i r e  r e v i s i o n s  t o  t h e  l o g i c  
incorpora ted  i n  t h i s  document. 

'The program i s  desiglied t o  process  th ree -  

A processing r a t e  of l ess  than  one measurement 
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2 .0  PREPROCESSORS 

2 . 1  P reo rb i t  Determination MSFN High-speed Data Processor  

A s  t h e  high-speed t r a c k i n g  d a t a  comes i n ,  t h e  pre-OD MSFN processor  
s t o r e s  d a t a  i n t o  a t a b l e  which i s  accessable  t o  t h e  powered-flight naviga t ion  
(PFN) program. Data from one t o  fou r  t r a c k e r s  i s  s t o r e d .  
performs gross-data e d i t i n g  (format checks ) ,  vhich can be t h e  same as t h a t  
descr ibed  f o r  t h e  r e s i d u a l  d i sp l ay  processor  i n  r e fe rence  1, i f  t h e  " f i n e  
e d i t "  i s  de le ted .  
l o g i c  i s  i n t e r n a l  t o  t h e  f i l t e r .  The new e d i t  r o u t i n e  i s  n e c e s s a r i l y  
more r e s t r i c t i v e  i n  t h e  l a b e l i n g  of d a t a  as v a l i d  when it i s  s t o r e d  
i n  t h e  d a t a  t a b l e s .  The t a b l e s  should hold  about 20 seconds of d a t a  
f o r  each t r acke r .  

The preprocessor  

This  e d i t  rou t ine  i s  rep laced  by a new e d i t  scheme whose 

2.2 Telemetry Preprocessor  

The PFN program w i l l  have a restart  c a p a b i l i t y  which depends on t h e  
use  of LM-based p o s i t i o n  and v e l o c i t y  vec to r s  rece ived  by t e l eme t ry .  The 
preprocessor  for  s t o r i n g  te lemet ry  vec to r s  i s  desc r ibed  i n  r e fe rence  1. 
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3.0 BASIC METHOD AND EQUATIONS 

* 

The b a s i c  procedure i s  t o  >recess one t o  fou r  Doppler observa t ions  

Kalrnan f i l t e r  equat ions  are used t o  compute t h e  
(nominally f o u r )  a t  a given t ime t o  o b t a i n  a cor rec t ion  t o  t h e  es t imated  
p o s i t i o n  and v e l o c i t y .  
co r rec t ion .  
t o  t h e  next  se t  of  observat ions t o  o b t a i n  another  update.  

‘After t h e  update ,  t he  s ta te  and i t s  weight are propagated 

The fol lowing i s  a genera l  d e s c r i p t i o n  of  t h e  b a s i c  Kalinan f i l t e r  
equat ions  used i n  t h e  p- I ocessor .  

L e t  t h e  s u b s c r i p t  i denote t i m e  t and l e t  t he  subsc r ip t  i / j  

denote  an e s t ima te  a t  t i m e  t based on measurements made up t o  and 

inc luding  t ime t . Define x t o  be t h e  s ta te  vec to r .  The dynamic 

equat ions  of motion are assumed t o  be  i n  t h e  form 

i’ 

i 
- j 

where r i s  t h e  s t a t e  no ise  vec tor  s a t i s f y i n g  -i 

E[r .  r = R where R is  t h e  s ta te  noise  covariance matr ix .  
11 

Measurements o r  observat ions are  assumed t o  be of t h e  form 



b 

M =  

where w i s  t h e  measurement no i se  vec to r  s a t i s f y i n g  
-i 

E&] = 0 

E&x:] = 0 i f j  

E& q T 1  = W where w i s  t h e  measurement no i se  covariance mat r ix .  

x] evaluated at x+i-l and ti ki 

Define t h e  s t a t e  e r r o r  covariance mat r ix  by 

= E[(% - i / J  J 

3ef ine  t h e  measurement mat r ix  by 

Define t h e  updating o r  t r a n s i t i o n  mat r ix  by 

u =  1 E. J waluated at -i-l/i-l’ ti’ ti-l 
--1 

Then t h e  K a l m a n  f i l t e r  equat ions can be w r i t t e n  as 

t ’  

.- 
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. 

- 
i n s t r u c t i o n s  ( s e c t i o n  1 4 ) .  

u = a d a x  - 

I n i t i a l  va lues  of x must be s p e c i f i e d  t o  s ta r t  t h e  

f i l t e r .  
-i-l/i-l and Ji-l/i-l 

I f  programed d i r e c t l y ,  equat ions (1) would b e  i n e f f i c i e n t  i n  t h e  use 
o f  machine t ime and core s torage .  The modified forni of t h e s e  equat ions 
[equat ions  ( 2 ) ]  was used in s t ead  t o  genera te  t h e  d e t a i l e d  programing 

A = J U T  

J = U A + R  

M = adax, 

D =  J $  

H =  M D + W  

B = DH 

- x = - x + B ~  

T J = J - B D  
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4.0 THE STATE VECTOR DYNAMICS 

The s t a t e  vec to r  x, des igna ted  X ( 1 )  i n  t h e  program, conta ins  21 - 
- elements. 

x =  - :I 3 

6 

, position of v e h i c l e  with $/E 
respect t o  t h e  e a r t h  

P i t c h  and yaw angles  used t o  
spec i  fJr t h r u s t  d i r e c t  i o n  

Random v a r i a b l e s  adding t o  t h e  

nominal va lues  of I/J p '  qy> M, 
and s p e c i f i c  impulse 

Random variables adding t o  t h e  
nominal values of t h e  b i a s i n g  
frequency,  

s t a t i o n s ;  i . e . ,  r a t e  b i a s  e r r o r s  

a t  t h e  r e c e i v i n g  w3 , 

Constants  of  i n t e g r a t i o n  based on 
measurements i n  t h e  form of i n t e -  
g r a t e d  Doppler f r equenc ie s  

i' 
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- 
%/E - 

L e t  

P o s i t i o n  of t h e  moon w i t h  
%/E 

YM/E r e spec t  t o  t h e  e a r t h  

. 
J 

L 
L e t  I and M be t h e  nominal values  of s p e c i f i c  impulse and mass flow N M 
ra te .  (% i s  a negat ive number.) L e t  g = 19.92644969203518 e.r . /hin2 

(system parameter) .  'Then t h e  acce le ra t ion  vec to r  of  a t h r u s t i n g  body 
i n  t h e  earth-moon g r a v i t a t i o n a l  f i e l d  i s  given by 

Higher-order g r a v i t a t i o n a l  harmonics are neglec ted  s i n c e  t h r u s t  model 
u n c e r t a i n t i e s  are many times l a r g e r  t han  t h e  e f f e c t  of  t h e s e  harmonics. 
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The unit v e c t o r  C i s  obta ined  from t h e  p i t c h  and yaw angles  i n  t h e  
fol lowing manner. The angles  Q and $ w i l l  be re ferenced  t o  an arbi- P Y 
t ra i -y ,  nonro ta t ing ,  t h r u s t  coord ina te  system as shown i n  f i g u r e  1. The 
u ,  v ,  w coord ina tes  are referenced  t o  x, y ,  z coord ina tes  by means of  
t h e  cons t an t - coe f f i c i en t ,  coordinate- t ransformation mat r ix  shown below. 

The vector ie now given by 

cos tY s i n  qP 

cos ty cos $p 
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Figure 1.- Thrust coordinate  system. 

The coordinate  
angle  + small Y 
( c l o s e  t o  290' 

t ransformat ion  matr ix  w i l l  be chosen so as t o  make t h e  
during descent  and a scen t .  If $ g e t s  l a r g e  

, then i (or w i l l  a l s o  become l a r g e  and i l l - d e f i n e d .  
Y 

P 
This  i s  undes i rab le  because it is p r e f e r r e d  t o  d e f i n e  t h e  s t a t i s t i c s  
of t h e  random v a r i a b l e ,  cup,  as s t a t i o n a r y  i n  t i m e ;  t h a t  i s ,  independent 

of  t h e  geometry. 
by hardware t o  1 5  deg/sec,  t h e  value of aEUp should be  s p e c i f i e d  a l s o  

t o  be approximately 1 5  deg/sec.  

Namely, s i n c e  t h e  maximum LM t u r n i n g  ra te  i s  l i m l t e d  
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Choose the  coord ina te  trans forma-Lion ma t r ix  such t h a t  t h e  i n i t i a l  
t h r u s t  d i r e c t i o n  i s  e a s i l y  expressed.  This  s i m p l i f i e s  t h e  choice  of  
i n i t i a l  values  f o r  GP and JIy t o  start  t h e  f i l t e r .  For t h e  LM descen t ,  

t h e  i n i t i a l  t h r u s t  d i r e c t i o n  i s  approximately i n  t h e  d i r e c t i o n  of t h e  
nega t ive  v e l o c i t y  vec to r  of t h e  LM with  r e spec t  t o  t h e  moon. 
descent  t r a j e c t o r y  s t a y s  very  c l o s e  t o  t h e  i n i t i a l  o r b i t  plane of t h e  LM. 
Thus, a l o g i c a l  choice f o r  t h e  u, v,  w d i r e c t i o n s  would be t o  choose t h e  
u d i r e c t i o n  t o  l i e  along t h e  r a d i u s  vec to r  from t h e  c e n t e r  of t h e  moon t o  
t h e  LM near  t he  start  of  descent .  The v d i r e c t i o n  , or a x i s ,  would 
then  be placed i n  t h e  i n i t i a l  LM o r b i t  plane and would po in t  i n  t h e  
negat ive down-range d i r e c t i o n ;  w would complete t h e  right-hand t r i a d .  
The i n i t i a l  values of JI 

remain s m a l l  dur ing most of t h e  descent .  

Also,  t h e  

and JI, both would be  about zero, and JIy would Y 

For t h e  LM a s c e n t ,  -the u axis w i l l  aga in  be  def ined  t o  b e  along t h e  
i n i t i a l  pos i t i on  vec tor  wi th  r e spec t  t o  t h e  moon. However, t h i s  t i m e ,  
t h e  v axis w i l l  be p a r a l l e l  t o  t h e  CSM o r b i t  p lane  (as opposed t o  t h e  
LM o r b i t  plane for d e s c e n t ) ;  w w i l l  complete t h e  right-hand coord ina te  
system. The i n i t i a l  va lue  of $p would be goo, and t h e  i n i t i a l  va lue  

of 4y = oo. 

The mathematical equat ions for t h e  u n i t  vec to r s  a long  t h e  u, v ,  
w d i r e c t i o n s  are 

r -1 1 -  - - l q T  i 
Y 

-w i = i x &  I J  

L e t  the subscript V/M refer to vehicle (LM) with respect t o  the moon. 
Then 

=l = %/M for descent 

r; = %/M 

E3 = -'(V/M 
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. 

for ascent 

zl = %/M 

(position of CSM) 

(velocity of CSM) 

-2 = %SM/M . 
23 = %SM/M 

Note t h a t  

i = C & + C  i + C 3 &  

i = c 7 i  + C & + C &  

- 2 7  

i = C 4 & + C  i + C 6 &  
Y 5 7  

-w 1L 

where C 
of & = 

is the x component of i = r /lgll, C2 is the y component 
1 -u -1 

r / l ~ ~ l ,  etc. Also note  t h a t  -1 

3 i = C 1 & + C 4 $ . + C 7 $  

-2 i = C 3 1 , + C 6 $ , + C 9 1 ,  

i = C 2 & + C  $ . + C 8 &  
Y 5 

To cont inue wi th  t h e  dynamics of  t h e  res t  of t h e  s t a t e  v a r i a b l e s ,  

the dynamics of $p, $,, and M are given by 

Assumed constant across 
t h e  i n t e g r a t i o n  i n t e r v a l  

The subscript N stands for nominal value. 
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The dynamics of the random variables denoted by E in the state 
vector (the 10th through the 17th elemsnt) are given by 

where 

E[\] = 0 

and where TE is the time constant associated with this random process. 
It can easily be shown that 

That is, E is an exponentially-correlated-in-time random variable; 
Tl is an uncorrelated-in-time forcing function f o r  the difference 
equation for 
‘ll is zero, E is updated in the filter by 

Since the best estimate of the unknown function 

The time constant, TE, gives a measure of how rapidly E may be 

changing. 
equal to zero implies that E is uncorrelated in time. 

TE equal to infinity implies that E is a constant; TE 
Thus 

for TE+ €i E i+l = Ei x 1 = 

E = El x zero = 0 for TE+ 0 
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E i+l = Ei x 0905 for TE = 10 AT 

%+l = Ei x *000045 for TE = AT/10 

The l a s t  four elements of the  s t a t e  vec tor  a r e  assumed t o  be t r u e  

cons t an t s ;  t h a t  i s ,  f = 0 f o r  L = 1, 2 ,  3 ,  4. L 
r 
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5.0 INTEGRATING THE STATE VECTOR 

Integration of & 

i+l X 

Y i + l  

i+l 2 

. 
i+l X 

. 
Y i + l  

. 
i+l 2 

from t. to ti+l is accomplished by 
1 

'P, i+l 

'Y, i+l 

%+l 
- - 

xi + ii AT +;i AT 2 /2 +*zi AT 3 /6 

z i + ii AT + 'i, AT2/2 +*;; A T v 6  

ki + yi AT +*zi AT 2 /2 

ii + yi AT + *Fi A T ~ / Z  

*- 2 I + Ti AT + zi AT /2 i 

- - 'P, i + (WPN + 

*Y, i + (% + 

- - 

Mi + ($ + %, A F  



1 5  

.' 

where AT* i s  zero <or f r e e  f l i g h t  and AT* = AT for poprered f l i g h t ;  

w i s  t h e  nominal va lue  of 4 w i s  t h e  nominal va lue  of 3, and % 
i s  t h e  nominal va lue  of M .  

PN P' YN Y' 

.. .. .. 
The expressions f o r  t h e  second d e r i v a t i v e s ,  x, y, z, were given i n  

t h e  previous sec t ion .  The t h i r d ,  t ime d e r i v a t i v e s ,  a r e  obtained from 
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The nonzero p a r t i a l  d e r i v a t i v e s  of 2, y, i' with r e spec t  t o  t h e  
elements of the  s t a t e  vec tor  a r e  shown below. 



l a 

a 
c 

0 

17 

g(IN + + E$ s [C1 sin $y sin *, + c4 sin sY cos $p -c7 COS $ Y 3 M - =  
a*Y 





l? 

c 

I n  add i t ion  t o  i n t e g r a t i n g  t h e  s t a t e  vec to r ,  t h e  moon's pos i t i on  
7-d v e l o c i t y  w i l l  a l s o  be in t eg ra t ed  by 

% + h   AT^ 
3 %/E, i 2 I %/E, i+l = %/E, i + %/E, i AT - 
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6.0 PROPAGATING THE STATE COVARIANCE MATRIX (J) 

The t r a n s i t i o n  mat r ix  i s  def ined  by 

The equat ions f o r  X as a func t ion  of X .  were given i n  t h e  i + l  1 

previous sec t ion .  
t i v e s  of t hese  func t ions .  Neglect ing terms higher  t han  f irst  order  i n  
AT, t h e  U matr ix  may be convenient ly  p a r t i t i o n e d  i n t o  

Thus U may be obta ined  by t ak ing  t h e  p a r t i a l  der iva-  

u =  
0 u48 O l  x 8 
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In more d e t a i l ,  U1 looks  l i k e  

c 

u1 = 

- 
1 0  O A T 0 0  0 0 0 0 0 0 0 

0 1 O O A T O  0 0 0 0 0 0 0 

0 0 1 O O A T O  0 0 0 0 0 0 

"1,12 Y,13 

"21 %2 m23 "27 "28 m29 m2,12 2,13 

m31 m32 m33 

0 mll ml2 Y3 5 7  !~8 "19 
m 

m 
3,12 3,13 

0 O m  m37 m38 m39 0 0 1  

0 0 0 0 0 0  1 0  O A W O  0 0 

0 0 0 0 0 0  0 1 0  O A T *  0 0 

0 0 0 0 0 0  0 0 1 0  0 A F  0 

0 0 0 0 0 0  0 0 0 P i O  0 0 0 

0 0 0 0 0 0  0 0 0 G P u  0 0 

0 0 0 0 0 0  0 0 0 0 0 P12 0 

- 13 
0 0 0 0 0 0  0 0 0 0 0 0 P 

where 
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The U4 matrix looks l i k e  

u4 = 

where 

- 
'14 
0 

0 

0 

0 

0 

0 

0 - 

0 

'14 
0 

0 

0 

0 

0 

0 

'14 = 

The matr ix  mu, t ipl icat ion 

0 

0 

'14 
0 

0 

0 

0 

0 

0 

0 

0 

'14 
0 

0 

0 

0 

= U J  U T i s  t h e  most 

0 

0 

0 

0 

0 

0 

1 

0 

t ime consuming 
opera t ion  i n  the  f i l t e r .  S t ra ight forward  matrix m u l t i p l i c a t i o n  i n  t h e  
above equat ion would r e q u i r e  about 18 500 s c a l a r  m u l t i p l i c a t i o n s  and 
18 500 s c a l a r  add i t ions .  

dependent on how e f f i c i e n t l y  U J  U i s  eva lua ted .  

Hence, t h e  cyc le  time of t h e  f i l t e r  i s  g r e a t l y  
T 

A s  A. f i r s t  s t e p  toward e f f i c i e n t  computations,  t h e  s imples t  of a l l  
poss ib l e  U matr ices  w a s  eva lua ted  from f i r s t - o r d e r  Taylor  series expan- 
s ions .  
be used t o  our advantage,  

This  causes U t o  conta in  l a r g e  b locks  of zeros  which w i l l  now 
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c 

a 

A s  presented  on t h e  previous page, U can be convenient ly  p a r t i t i o n e d  
i n t o  four  p a r t s .  
not a c t u a l l y )  be p a r t i t i o n e d  as 

Likewise, t h e  2 1  by 21 J ma t r ix  can conceptual ly  ( b u t  

J =  I 
lJ38 x 13 J48 x 8 

m m I Note t h a t  J = --', so 32 = 53 . 
used i n  p l ace  of i t .  

Thus, wherever 52 a-opea--s, J3T w i l l  be 

T UJ U i s  given by 

The 13 by 13 temporary s torage  ma t r ix ,  A ,  i s  used t o  ass is t  i n  t h e  
T 

ahove mat r ix  m u l t i p l i c a t i o n s .  Thus, J1 = U1 J1 U1 i s  given by 

A = Jl UIT 

Jl = U 1 A  

By t h e  use  of t h e  s p e c i a l  nature of t h e  U1 matr ix ,  A i s  given by 

D $ c  I = 1,13 

D $ a  J = 1,3 

A ( I ,  J) = J(1, J) + J(I, J + 3)*AT 



@ c J = 10, 13 

A ( I ,  J) = J(1, J)*P(J) 

Again by the use of the spec,a 
J1 is given by 

form of U1, the symmetric matrix 
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C 

d 

e 

J(1, J) = A(1 ,  J) + A ( 1  +3, J)*AT* 

D$ d 

Df$d J = I , 1 3  

J(I, J) = P(I)*A(I, J) 

@ e  I = Z , 1 3  

L = 1 - 1  

@ e  J = l , L  

I = LO, 13 

J(I, J) = J(J, 1) 

' f  A i s  used t o  s to re  U4 53, t hen  

g a  J = l , 1 3  

@ a  I = 1 , 4  

A ( I ,  J) = P(14)uJ(I + 13, J) 

a A ( I  + 4, J) = J(I + 17, J) 

. 
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T 53 = U4 53 U1 i s  now given by 

D$c  1 = l , 8  

D O a  J = 1 , 3  

J(I + 13, J) = A ( 1 ,  J) + A(1, J+3)*AT 

J(I+13, J+3) = A ( I , l ) + W  Jj1) + A ( I , 2 ) + M  J,2) + A(I,3)w( J,3) 

+ A(I,7)w( J, 7) + A(I ,B)M( J,8) -t A ( I , 9 ) W  J,9) 

+ A(I,12)+M(J,12)  + A(I,13)WM(J913) + A ( I ,  J+3) 

D $ b  J = 7 , 9  

J(I+13, J) = A ( 1 ,  J) + A ( 1 ,  J+3)*AT+ 

D$ c 

J(I+13, J) = A ( 1 ,  J)*P(J) 

U4 54 UkT is given by 

E(1) = P(14)-2 

a I = 14, 17 

J = 10, 13 

D(d a J =  I, 17 

J(1, J) = E ( l ) W ( I ,  J) 

J(J, I) = J(1, J) 

D# b I = 18, 2 1  

D$ b J = 14, 17 

J(1, J) = P(14)*J(I, J) 

J(J, I) = J(1, J) 
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T The use  of t h e  previous algori thms t o  compute UJ U r e q u i r e s  about 
1100 f l o a t i n g  p o i n t  mu l t ip l i ca t ions  and about 900 f l o a t i n g  po in t  addi- 
t i o n s .  These algori thms a r e  a l so  presented  as p a r t  of t h e  d e t a i l e d  
programing i n s t r u c t i o n s .  

L 
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7.  o THE STATE NOISE (PREDICTOR MODEL UNCERTAINTIES 1 

To update t h e  s t a t e  vec to r  from t i m e  t t o  ti+l, symbolical ly  U s e  i 
t h e  equat ion  

X - - f ( +  t i ,  
-i+l - 

However, s ince  t h e  t r u e  form of 2 i s  not  known, use  i n s t e a d  

where t h e  s tands  f o r  estimated va lue  o r  func t ion .  Thus 

,. 
= x  + r  

%+l i - i  
6 

where r + - -  = f - f r ep resen t s  t h e  model u n c e r t a i n t i e s  or s ta te  no i se .  

a be t h e  unmodelled g r a v i t a t i o n a l  a c c e l e r a t i o n  com- 
I 

L e t  a a 
gx’ a’ g= 

ponents.  Then t h e  f i r s t  s i x  elements of t h e  r vec to r  a r e  

r = a AT2/2 r = a AT2/2 
3 g= 

r = a AT2/2 
1 gx 2 g Y  

AT ‘ 6  = ‘gz AT r = a  AT ‘4 = &gx 5 f 3 Y  

I Since AT i s  on t h e  order  of 0.2 t o  0.4 second, p o s i t i o n  e r r o r  components, 
r r r w i l l  be ignored. Note t h a t  v e l o c i t y  e r r o r s  couple  i n t o  posi-  

t i o n  e r r o r s  anyway during t h e  next  cyc le  i n  the f i l t e r ,  and, f o r  a l a r g e  
number of i n t eg ra t ion  s t e p s ,  t h e  f i n a l  r e s u l t s  are t h e  same. 

1’ 2’ 3 

I 

The s ta te  noise  added t o  t h e  exponen t i a l ly  c o r r e l a t e d  random 
v a r i a b l e s  i s  

. .  
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1 I.. 

where t h e  n ' s  are zero-mean, un i t -var iance ,  uncorre la ted  ( i n  t ime and 
wi th  each o t h e r )  random no i se .  A l l  o the r  components of r are zero .  - 

The s ta te  noise  covariance mat r ix  i s ,  by d e f i n i t i o n ,  

I 
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The nonzero elements of R a r e  l i s t e d  below. 

R(4,4) = R ( 5 , 5 )  = R(6,6) = U' AT' 
w 



R i s  t h e  p o s i t i o n  vec tor  of t h e  v e h i c l e  wi th  r e spec t  t o  t h e  e a r t h .  -v 
i s  t h e  p o s i t i o n  vec- %L R i s  t h e  p o s i t i o n  vec tor  of t he  t r a n s m i t t e r .  9 

t o r  of t h e  r ece iv ing  s t a t i o n  L .  I i s  t h e  s t a t i o n  L cons tan t  of 
i n t e g r a t i o n .  L 
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8.0 THE MEASUREPENTS AND T H E I R  P A R T I A L  D E R I V A T I V E S  

The a c t u a l  count from s t a t i o n  L i s  modelled by 

where w,, v /c  and o a r e  input cons t an t s ;  b i s  a previous ly  solved 

for " r a t e  bias" co r rec t ion ;  w 

t o  t h e  measurements and i s  pr imar i ly  due t o  quan t i za t ion  e r r o r  from t h e  
cyc le  counter .  I t s  s tandard devia t ion  i s  about one-third cyc le .  

4 t r  3 L 
i s  t h e  uncorre la ted  random e r r o r  adding L 

t h e  observa t ion  t i m e ,  i s  t h e  t ime a t  which t h e  cyc le  counter  i s  TO , 
i s  t h e  s t a t i o n  L observa- TOIL r ead .  T i s  t h e  same for a l l  s t a t i o n s .  

t i o n  t ime a t  which t h e  f i r s t  good cyc le  count i s  a v a i l a b l e  t o  t h e  f i l t e r .  

a r r i v e  a t  s t a t i o n  L a t  t ime T 

t o  leave  t h e  t r a n s m i t t e r  i n  order t o  a r r i v e  a t  t h e  veh ic l e  a t  t ime T 

0 

i s  t h e  t ime a t  which t h e  s i g n a l  had t o  leave  t h e  veh ic l e  i n  order  t o  

TTL i s  t h e  t i m e  a t  which t h e  s i g n a l  had 
TVL 

0' 

VL * 

IL and T 

good. 

are reset  every time t h e  measurement f l a g  goes from bad t o  OIL 
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The p a r t i a l  d e r i v a t i v e s  of N* with r e s p e c t  t o  t h e  elements of t h e  FL a s ta te  v e c t o r  a t  t i m e  T are F 

4 L  
ik = To - 

W y l  

The above p a r t i a l  d e r i v a t i v e s  a r e  s t o r e d  i n  t h e  M mat r ix  as fo l lows:  

a& M(L, 1) = - ax 

a& M(L, 4) = - 
a2 

M(L, ~ 1 3 )  = 4% 

M(L, 6) = - 
ai  

where L = 1, 2 ,  3, 4. 
is  shown on t h e  next page. 

The form of t h e  M matrix ( z e r o  and nonzero elements)  

~ ~~ - 

"r i s  the f i l t e r  t i m e  t a g  of t h e  s t a t e  v e c t o r .  T w i l l  be w i t h i n  
F F 

VL ' 0.02 second of a l l  t h e  T 
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TO : See L i s t  Below DATE : FEB 7 1969 

69 - m47 - 2 7 
FROM : FM/Mission Planning and Analysis Divis ion a 
SUBJECT: RTCC Requirements fo r  Mission G: MSFN Tracking Data Processor f o r  

Powered F l igh t  Lunar Ascent/Descent Navigation I -  

. 1. 
ments f o r  a high-speed MSFNtracking data  processor  f o r  powered f l i g h t  
lunar  ascent/descent navigat ion f o r  Mission G. 

The enclosed i n t e r n a l  note, 69-FM-36, p resen t s  t h e  RTCC require-  

2. 
capable of processing shor t  a rcs  of adjacent  f r e e - f l i g h t  data p r i o r  
t o  powered descent and a f t e r  powered ascent .  

This processor i s  designed t o  process  powered f l i g h t  data but  i s  

3. 
w i l l  be spec i f i ed  once t h e  opt imizat ion s tud ie s  a r e  completed. 

Cer ta in  input constants  are cur ren t ly  being modified by TRW and 
A 

()James C. McPherson, Chief 
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UNITED STATES GOVERNMENT 

Memorandum 
TO : See L i s t  Below 

NASA Manned Spacecraft Center 
Mission Flznr.i;!g & Analysis Division 

DATE : SEP 11 1969 

F i l e  No .  69-FM47-284 
- FM/Mission Planning and Analysis Division m -  

SUBJECT: Formulation revis  ions f o r  the RTCC powered f l i g h t  MSFN navigation program 
for lunar descent/as cent 

* 

, 
P* 1. Reference: MSC Internal  Note No. 69-IW-36, "RTCC Requirements f o r  

e Mission G: 
Descent Navigation," Lear, W. M.; deVezin, H. G.; Wylie, A .  D.; Schiesser, 
E. R. ; February 7, 1969. 

MSFN Tracking Data Processor for  Powerad Fl ight  Lunar Ascent/ 

2. 
of the referenced RTCC requirements document. The change involves revising 
the ' c r i t e r i a  f o r  ed i t ing  the  high speed MSFN Doppler data t o  be processed 
by the powered f l i g h t  MSFN navigation -program f o r  lunar descent/ascent . 

The purpose of t h i s  memorandum i s  t o  propose a change t o  the  formulation 

3. A t  cer ta in  
in t e rva l s  i n  both the descent and ascent phases, bad MSFN Doppler data 
passed the  current e d i t  c r i t e r i a  and caused the  f i l t e r  t o  become unstable, 
thus necessi ta t ing a program restart. 
t he  f i l t e r  with the  proposed e d i t  scheme, and no program r e s t a r t s  were 
necessary f o r  e i t h e r  t he  descent o r  ascent phase. 

The necessity of t h e  change was observed during Apollo 11. I 

This data has been passed through 

James C. McPherson, Chief 
Mathematical Physics Branch 

- 
~ 

4 
I The Flight Software Branch concurs with the above recommendation and - - 

v Flight Software Branch 

APPROVED BY: 

&'John P. Mayer 
Chief, Mission Planning 
and Analysis Division 

Attachment 

Distribution: (See attached l i s t )  
M4 :ALWylie :rmr 
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CHANGE SHEET 

FOR 

MSC INTERNAL NOTE 69-FM-36 DATED FEBRUARY 7,  1969 
RTCC REQUIREMENTS FOR MISSION G :  MSFN TRACKING 

DATA PROCESSOR FOR POWERED FLIGHT LUNAR 

ASCENT/DESCENT NAVIGATION 

By W. M. L e u ,  TRW Systems Group, and 

Howard G.  deVezin, Jr . ,  Alan D .  Wylie, 

and hi1 R. Schiesser, Mathematical 

Physics Branch 

Change 1 

September 8, 1969 

es C.  McPherson, Chief 
M hematical Physics Branch W A  

6 Mission Planning and Analysis 
D i v i  s ion 

Page 1 of 7 
(with enclosures) 

- - - 
3 Note: A black bar i n  t h e  margin indicates  t h e  area of change. 

A f t e r  t h e  attached enclosures, which a r e  replacement pages, have been 
inser ted ,  place t h i s  CHANGE SHEET between t h e  cover and t i t l e  page and wr i te  
on t h e  cover "CHANGE 1 inserted". 

i 1. Replace pages 40, 5 5 ,  61, 91, and 92. 



, C h a n ~ e  no. 

1 

. 

Date 

9/8/69 

Descr ip t ion  

The c r i t e r i a  f o r  e d i t i n g  
t h e  high speed MSFN Doppler 
d a t a  are  r ev i sed  t o  r e q u i r e  
t h e  program t o  t e s t  according 
t o  the ,magni tude  of t h e  MSFN 
r e s i d u a l s  r a t h e r  t han  accord- 
ing  t o  t h e  s i z e  of t h e  MSFN 
r a t e  b i a s e s .  
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1 

(r .02 cycle8 

Because t h e  random e r r o r  i s  pr imar i ly  caused by a ‘cero t o  1 quant iza t ion  
e r r o r  i n  t h e  cyc le  counter ,  t h e  maximum value  of A 

t i z a t i o n  e r r o r  would be 

M caused by quan- 2 0  

I A ~  NOI < 2 cycles 

may be chosen as 2MAx 
Thus, t h e  va lue  f o r  A 

A- CY 2 + 140 ATo 2 cycles 

I n  summary t h e  cu r ren t  da t a  i s  accepted i f  

and 

where 

AIMIN 

& a (10 
AwAx m 2 + 140  AT^^ cycles 

( lo6 - 28,000) ATo cycles 

+ 28,000) ATo cycles 
6 
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There i s  one f u r t h e r  d a t a  e d i t i n g  check performed i n  another  p a r t  of 
Immediately before  t h e  s ta te  vec tor  i s  co r rec t ed ,  t h e  solu-  t h e  program. 

t i o n  f o r  t h e  r e s i d u a l  i s  checked t o  s e e  i f  it i s  t o o  l a r g e ,  based on t h e  
cu r ren t  measurements. If it i s  t o o  l a r g e ,  t hen  t h e  r e s i d u a l  f o r  t h a t  
s t a t i o n  i s  s e t  t o  zero,  t h e  corresponding row of t h e  measurement ma t r ix  
i s  zeroed,  F(L+8) i s  s e t  t o  zero ,  and t h e  measurement weighting ma t r ix ,  
B y  i s  rees t imated .  
with t h e  normal e d i t i n g  a l a r g e  ra te  b i a s  e r r o r  cannot be e a s i l y  de t ec t ed .  
A l s o ,  depending on t h e  s i z e  of AT 

normal e d i t i n g .  

The reason for t h i s  a d d i t i o n a l  e d i t i n g  check i s  t h a t  

a f e w  wild d a t a  p o i n t s  can pass  t h e  0’ 

The d a t a  s t a t u s  checks do t h e  fol lowing 

1. I f  da t a  f o r  s t a t i o n  L i s  missing or  bad f o r  t i m e  T t h e  number 
0’ 

i n  t h e  s t a t i o n  L cyc le  count ce1l . i . s  l abe led  bad by s e t t i n g  F(L+4) = 0.  

2 .  Likewise, F (L+8)  i s  set  t o  zero (elsewhere i n  t h e  program) i f  
s t a t i o n  L has too  l a r g e  a r e s i d u a l .  

3 .  F(L)  i s  set  t o  1 i f  s t a t i o n  L d a t a  goes from bad t o  good. 
F(L) = 1, TOIL and t h e  s t a t i o n  L i n t e g r a t i o n  cons t an t ,  IL, w i l l  be  re- 

i n i t i a l i z e d .  Also t h e  corresponding row and column of t h e  s ta te  e r r o r  
covariance matr ix  w i l l  be r e i n i t i a l i z e d .  

When 

4. F(L)  i s  s e t  t o  -1 i f  t h e  s t a t i o n  L l o c a t i o n  changes o r  i f  t h e  

= X(L+13) are r e i n i t i a l i z e d ,  and t h e  corresponding row and column 

t r a n s m i t t e r  l oca t ion  changes. When F(L) = -1, t h e  IL, TOIL, and 

w3L E 

of t h e  s t a t e  e r r o r  covariance mat r ix  w i l l  be  r e i n i t i a l i z e d .  

5 .  The F(L+12) f l a g  i s  set  t o  zero  or 1 according t o  whether t h e  
s t a t i o n  i s  a 3-way or 2-way s t a t i o n .  

A block diagram of t h i s  l o g i c  i s  shown i n  f i g u r e  3. I n  t h i s  
diagram 

YY(L) is storage for the current cycle count from etation L 

YYp(L) is the past value of YX(L) 

A m 4  - mq - w p ( L )  

A Y Y ~ ( L )  - past value of AYY(L) 

Change 1, September 8 ,  1969 
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10.0 I N I T I A L I Z A T I O N  OF MFASUREMENT CONSTANTS 

I L '  When F(L)  = 1, TOIL and t h e  s t a t i o n  L i n t e g r a t i o n  cons t an t ,  

w i l l  be r e i n i t i a l i z e d .  
s t a t e  e r r o r  covariance mat r ix  w i l l  be r e i n i t i a l i z e d .  I n  s e c t i o n  8 
t h e  i n i t i a l i z a t i o n  equat ion f o r  I w a s  given by L 

Also, t h e  corresponding row and column of t h e  

= X ( L  + 13)  w i l l  be r e i n i t i a l i z e d ;  w3L When F(L) = -1, TOIL, I, and E 
J J  

X(L + 13)  i s  i n i t i a l i z e d  by s e t t i n g  I t  equal  t o  zero.  Likewise,  t h e  
corresponding rows and columns of t h e  s ta te  e r r o r  covariance w i l l  be 
r e i n i t i a l i z e d .  Whenever i n i t i a l i z a t i o n  takes p l a c e ,  t h e  measurement 
i s  used i n  the  i n i t i a l i z a t i o n  equat ions  and should not  be used again 
i n  t h e  Kalman f i l t e r .  
of  t h e  M matr ix  i s  zeroed ou t .  

To prevent  t h i s  r e u s e ,  t h e  appropr i a t e  row 

The block diagram f o r  t h e  i n i t i a l i z a t i o n  procedure i s  shown i n  
f i g w e  4. In  t h i s  block diagram 

P(46) = a2 for a 3 - m ~  station w3 

p(~+47) = a' for station L ,  L = 1, 2 ,  3 ,  4 
w3 
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11.0 STATE AND COVARIANCE MATRIX UPDATE EQUATIONS 

As i n  s ec t ion  6, s p e c i a l  procedures t o  save t ime a r e  used t o  perform 

t h e  fol lowing mat r ix  ope ra t ions :  

J = J - BD , and X = X + B(Y* - Y ) .  
and as p a r t  of t h e  defailed-program i n s t r u c t i o n s .  

D = JMT, H = MD + W, H = H-l, 13 = DH, 
T ,. 

The s p e c i a l  procedures are given below 

0 

0 

0 

0 

BY 

I n  sec t ion  

M =  

"I, 14 

0 

0 

0 

8,  t h e  

ml2 

mz2 

m32 

"42 

0 

5 3 5  

0 

0 

M mat r ix  was shown i n  t h e  form 

5 3  5 4  "15 %6 

%3 %4 %5 %6 0 0  

0 0  m33 m34 m35 m36 

"43 "44 m45 "46 0 0  

0 ?,l8 0 

O %19 0 0 

0 0 0 

m 0 0 

m3, 16 

4,17 0 

0 0  

0 0  

0 0  

0 0  

0 

0 

m3, 20 

0 

0 

0 

0 

0 

- 
0 

0 

0 

m 4,21 - 
T 

t h e  use of the  s p e c i a l  form of t h e  M mat r ix ,  D = J M i s  given by 
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Note that J(1,J) I = 1,13 J = 14,Zl I s  not used i n  the above algorithm. 

H = MD + W i s  given by 

2 b H ( 1 , I )  = R ( 1 , I )  + ow 

Note that only the lower triangular part of the  symmetric matrix H i s  

calculated 

H = H-' i s  given by 

H ( 1 , l )  = l*DO/H(l,l) 

D$ e J = l , 3  

L = J+1 

@ a I = 1 , ~  

H(I,L) = 0. DO 

D# a K = l ,J 

a H(I,L) = H(I,L) - H(L,K)+H(I,K) 

D# b K = l ,J 
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H(L,L) = H(L,L) + H(L,K)+H(K,L) 
H(L,L) - 1. DO/H(L,L) 

H(L,I) = A(I,L)+H(L,L) 

D# c I = l,J 

d I = 1,J 

D@d K = I , J  

H(I,K) = H(I ,K)  + H(I,L)+H(L,K) 

H(K, f )  = H ( I , K )  

D$ e I = l,J 

H(I ,L)  = H ( L , I )  

Note that the above inversion algorithm is designed specifically to 
invert a symmetric matrix using only the lower triangular part of 
that matrix. The algorithm requires about half the number of multi- 
plications and additions that a n o m  matrix multiplication requires. 
U S O ,  no external storage is used. 

I 

B = DH is given by 

J = J - B DT is given by 
D$ a I = 1,13 

D$ a J = I ,13 
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-B(I,k)*D( J,4) 

a J(J,I) = J(I,J) 

D$ c I = 14,21 

-B( 1,4)*D( J ,4)  

c J(J,I) = J(I,J) 

Note t h a t  t h e  abo-Je algorithrn makes use of  t h e  symmetry o f  t h e  J mat r ix ,  
and, aga in ,  J(1,J) I = 1, 13 J = 1 4 ,  2 1  i s  not  used or  d i s tu rbed .  
p a r t  of t h e  J n a t r i x  has not been used anywhere Ln t h e  preTrioua s e c t i c n s .  
Thus, t h i s  block of 104 double p rec i s ion  dords of  nondestroyable s to rage  
i s  ava i l ab le  for o the r  uses wi th in  t h e  program. 

This 

4 = 5 + B(;r* - ;), where - i i s  stored i n  Y(I), i s  given by 

+ B(I,4)*Y(4) 
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12.0  LIGHT TIME SUBROUTINE (SUBROUTINE TRANST) 

This  subrout ine so lves  t h e  t r a n s i t  t i m e  equa t ions ;  t h a t  i s ,  given 
a measurement observat ion t i m e  T 

which t h e  s i g n a l  had t o  leave  t h e  v e h i c l e  i n  order  t o  a r r i v e  a t  t h e  
r ece iv ing  s t a t i o n  a t  t ime T 

which t h e  s i g n a l  had t o  leave  t h e  t r a n s m i t t e r  i n  order  t o  a r r i v e  a t  t h e  
veh ic l e  a t  t i m e  T 

TRANST solves  f o r  TV, t h e  t i m e  a t  
0' 

TRANST a l s o  so lves  f o r  TT, t h e  t i m e  a t  
0 '  

V'  

The subrout ine es t imates  R ( T  ) - R ( T  ) , t h e  range vec to r  from -v V I  S I  0 
t h e  r ece ive r  t o  t h e  veh ic l e ,  and R ( T  ) - R ( T  ) ,  t h e  range vec to r  

from t h e  t r a n s m i t t e r  t o  t h e  v e h i c l e .  TRANST a l s o  so lves  f o r  t h e  magnitude 
of t h e s e  vec to r s .  

+ V I  -T T I  

The time f o r  s t a t i o n  I ,  TVI, i s  obtained by i t e r a t i n g  t h e  equat ion 

2 Tm = To - M T F )  + ( T n  - TF) k(TF) - %*(To)] 

2 

li 
+ [z(TF) + <Tm - Tp) ~ ( T F )  - ZSI (T 0 13 1% + [dTF) + (k - TF) XTF) - ysI(To)'I 

A value of TVI = T 

used t o  s ta r t  t h e  i t e r a t i o n .  

updated (ATF = T 

( T  i s  t h e  f i l t e r  t i m e  t a g  of t h e  s ta te  v e c t o r )  i s  F F  
Because of t h e  manner i n  which TF i s  

+ ATo - T F ) ,  TVI - T i s  always less than  0.02 second. v1 F 

( n )  may be w r i t t e n  symbolical ly  f o r  t h e  n t h  T V I  From t h e  above equat ion ,  

i t e r a t e d  so lu t ion  as 
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The e r r o r ,  e ,  i n  t h e  s o l u t i o n  f o r  T a f t e r  n i t e r a t i o n s ,  i s  given by 

t h e  equat ion 
V I  ' 

where M i s  t h e  maximum abso lu te  value of df/dT i n  t h e  v i c i n i t y  of 
V I  

. The equat ion f o r  df/dTVI i s  T V I  

where V / S  r e f e r s  t o  v e h i c l e  c i t h  r e spec t  t o  t h e  s t a t i o n ,  and V/E r e f e r s  
t o  veh ic l e  wi th  r e spec t  :,o t h e  e a r t h .  
of lo4 f p s ,  M can be evaluated as 

For a maximum veh ic l e  v e l o c i t y  

Because l e  ( ' ' 1  i s  l e s s  t han  2*10-* seconds 

f o r  which a va lue  cf n = 1 w i l l  be  used. Thus 

Af te r  TVI i s  determined, t he  p o s i t i o n  of t h e  v e h i c l e  can be 

ca l cu la t ed  i n  t h e  following manner. 
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Also, t h e  vec tor  components x(T ) -x 

-2  ( T  ) and t h e  abso lu te  magnitude of t h i s  vec to r  w i l l  be c a l c u l a t e d .  
( T  ) ,  y(TVI) -ysI(To), z(TVI) V I  SI  0 

S I  0 

I n  t h e  c a l c u l a t i o n  of T s i n c e  t h e  s t a t e  vec tor  i s  i n  MNBY CO- 

o r d i n a t e s ,  t h e  four  s t a t i o n  l o c a t i o n  vec to r s  must a l s o  be i n  MNBY co- 
o rd ina te s .  I n  t rue-of-date  coord ina tes ,  t h e  s t a t i o n  l o c a t i o n  i s  given 
by 

V I  Y 

x'  (T ) = P ( I + ~ ~ ) + c o s [ P ( I + Z ~ )  + (%rth To] S I  0 

where P ( I + 2 9 ) ,  P ( I + 3 4 ) ,  and P( I+39)  are obta ined  from t h e  s t a t i o n  
c h a r a c t e r i s t i c s  t a b l e  ( s e c t i o n  9,  f i g .  2 ) .  These l o c a t i o n s  are then  
transformed t o  MNBY coord ina tes  by t h e  RNP mat r ix .  This  r e q u i r e s  
four  coordinate  t ransformat ions  (one f o r  each of t h e  four  s t a t i o n s ) .  

The t ime TTI i s  obtained from 



where 

= 

= (RNP)T 

Thus, xT(TTI ) , yT(TTI 1, and z (T are given by T TI 

The vector components x(TVI) - xT(TTI), y(TVI) - yT(TTI), Z(TVI) - ZT(TTI) 
and the absolute magnitude of this vector can now be calculated. 



This  method f o r  so lv ing  t h e  t r a n s i t  t ime equat ions r equ i r e s  only 
six m u l t i p l i c a t i o n s  by t h e  R N P  matrix and only f i v e  c a l l s  t o  t h e  s i n e  
and cos ine  subrout ines .  A more s t r a igh t fo rward  approach would have 
r e s u l t e d  i n  12  RNP m u l t i p l i c a t i o n s  and 1 2  c a l l s  t o  t h e  s i n e  and cos ine  
subrout ines .  

Despi te  t h e  f a c t  t h a t  only a s i n g l e  i t e r a t i o n  i s  used t o  ob ta in  
TVI and TTI, t h e  accuracy of t h e  s o l u t i o n s  i s  more than  adequate.  

on a maximum veh ic l e  v e l o c i t y  of lo4 f p s  wi th  r e spec t  t o  t h e  e a r t h ,  t h e  
maximum e r r o r  i n  T 

€? ( T  ) - R ( T  ) i s  0.002 f t .  The maximum e r r o r  i n  c a l c u l a t i n g  T i s  -v V I  S I  0 TI 
about 0. second. 

Based 

i s  2*10-7 seconds. The maximum e r r o r  i n  c a l c u l a t i n g  VI 
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13.0 SUPERVISORY LOGIC 

_ -  

The o v e r a l l  block diagram of t h e  program i s  shown i n  f i g u r e  5 .  
The program has four main areas  of s p e c i a l t i e s .  Blocks 1 and 2 a r e  
f i r s t - t ime-only  b locks ,  used t o  i n i t i a l i z e  var ious cons tan ts  and 
v a r i a b l e s .  Some of t h e s e  q u a n t i t i e s  a r e  r e s e t  i n  t h e  r e s t a r t  block 
i n  t h e  event t h a t  r e s t a r t  condi t ions occur.  Blocks 3 through 6 a r e  
concerned wi th  t h e  dynamics. 
ments. 
and v e l o c i t y  ahead, or back, t o  a des i r ed  t ime ,  TD. 

and v e l o c i t y  i n  block 16  w i l l  be i n  IYNBY se l enocen t r i c  coord ina tes  wi th  
units of e a r t h  r a d i i  and e a r t h  r a d i i  per  hour.  The t ime t a g  w i l l  be 
i n  hours from midnight of t h e  launch day. 

Blocks 7 through 14 process  t h e  measure- 
Blocks 1 5  and 16  i n t e g r a t e  t h e  cur ren t  b e s t  e s t ima tes  of p o s i t i o n  

The output  p o s i t i o n  

The subrout ine TRAJ,  nentioned i n  t h e  o v e r a l l  block diagram, 
i n t e g r a t e s  t h e  f i r s t  s i x  elements of t h e  s t a t e  vec to r  over t h e  i n t e r v a l  
AT seconds,  updates t ime,  and i n t e g r a t e s  t h e  moon's p o s i t i o n  and v e l o c i t y  
over  t h e  i n t e r v a l  A'T seconds. Subroutine TRAJ has i t s  m a x i m u m  i n t e g r a t i o n  
s t e p  s i z e  l i m i t e d  t o  AT 

e r r o r  i n  t h e  s t a t e  es t imate  i f  an unusual ly  l a r g e  AT i s  c a l l e d  f o r .  A 
block diagram t h a t  i l l u s t r a t e s  how AT i s  l i m i t e d  i s  shown i n  f i g u r e  6.  

Thls i s  t o  Drevent an excessive t runca t ion  W Y  

New va r i ab le s  used i n  t h e  block diagram a r e  def ined  below. 

T =  F 
- - 

TRL 

Tvl - 
- 

P =  119 

To - - 

T =  L 
- ATo - 

f i l t e r  time t a g  of t n e  s t a t e  vec tor  

r e a l  ( c u r r e n t )  ground t ime,  hours from midnight 
of launch day 

time at  which a s i g n a l  would have t o  leave  t h e  
spacecraf t  I n  order  t o  a r r i v e  at t h e  f i r s t  ground 
t r ack ing  s t a t i o n  a t  t ime T t h e  observat ion t ime 

T +P 
(nea res t  2/10 second) or nea res t  4/36 000 hour ,  
depending upon whether d a t a  i s  processed 
every 0 . 2  second or every 0.4 second 

0' 

rounded t o  t h e  nea res t  2/36 000 hour F 119 

0 - T V 1  
approximate value of T 

(pl19 i s  an input  cons t an t )  

observation t ime 

RL 
constant  l a g  t ime between observat ions and T 

time i n t e r v a l  between observat ions 
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i n t e g r a t i o n  s t e p  s i z e  f o r  t h e  f i l t e r  

i n t e g r a t i o n  s t e p  s i z e  used i n  TRAJ 

maxinium allowable value  of AT 

desired t ine  of ou tput  s t a t e  vec to r  

last  cycle’s va lue  of TD 
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--I I - -  - - - -- - - I -< AT- 
I 

m )AT\ I 
> AT t I 

- Load time, poeition, 
and velocity into 4 

their input c e l l s .  

C t.n rt 

N =  1 I I  MAX 
I 
I 
I 1 

I - - - _ . - - -  

I I 
I), ,I 

(I is IATI/ATw rounded I 
N = 1. + I W I / A T ~  
AT AT/N 

to the next higher integer.) 

L - 1  

I 
Integrate tiare, I 

I 
I 

position, and velocity 
AT eecondr- 

Figure 6 .  - Logic f o r  c o n t r o l l i n g  i n t e g r a t i o n  s t e p  size 
i n  subrout ine  Tf{AtT. 
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14 .0  DETAILED PROGRAMING INSTRUCTIONS 

The previous s e c t i o n s  of t h i s  r epor t  have o u t l i n e d  t h e  engineer ing 
equat ions and l o g i c  and were intended only t o  supply gene ra l  background 
information.  The fol lowing sec t ions  present  t h e  a c t u a l  d e t a i l e d  
programing requirements . 

Ord ina r i ly ,  a 21-state  va r i ab le  f i l t e r  f o r  use  i n  real-time i s  indeed 
a formidable p ropos i t i on  s i n c e ,  f o r  example, it would be nea r ly  13 t imes  
slower i n  execut ion t i m e  t han  a 9 - s t a t e  v a r i a b l e  f i l t e r .  

To make t h e  21-state  v a r i a b l e  f i l t e r  p r a c t i c a l  f o r  use  i n  r e a l  
t i m e ,  t h e  formulat ion of t h e  engineering equat ions has been done by 
consider ing t h e  number of numerical opera t ions  performed by t h e  
d i g i t a l  computer. 

The d e t a i l e d  programing i n s t r u c t i o n s  w i l l  be  presented i n  no ta t ion  
similar t o  FORTRAN. Namely, D$ loops w i l l  be  used,  not  because of 
any e x p e r t i s e  i n  programing, but  because they  o f f e r  t h e  engineer an 
e l e g a n t l y  simple way t o  w r i t e  l a rge  groups of equat ions.  Also,  t h e  
n o t a t i o n  used w i l l  be  understandable by t h e  engineer ;  whi le ,  a t  t h e  
same t i m e ,  it w i l l  be  d i r e c t l y  t r a n s l a t a b l e  i n t o  FORTRAN o r  machine 
language by t h e  programer. 
i n  t h i s  c l e a r l y  understandable  form makes it poss ib l e  f o r  t h e  computer 
program t o  be implemented quickly wi th  t h e  least  poss ib l e  chance of 
e r r o r .  

Presenta t ion  of t h e  programing i n s t r u c t i o n s  

Var iab les  used wi th in  t h e  program may be  ca tegor ized  broadly i n t o  
t h r e e  types  

1. Fixed po in t  v a r i a b l e s ,  used p r imar i ly  as l o g i c  f l a g s  

2. Double-precision, f loa t ing-poin t ,  permanent-storage v a r i a b l e s ,  
used wherever q u a n t i t i e s  must be saved from one cyc le  t o  t h e  next 

_ -  
3. Double-precision, f loa t ing-poin t ,  temporary-storage v a r i a b l e s  , 

used fo r  q u a n t i t i e s  t h a t  need not be  saved from one cyc le  t o  t h e  next 

The next three subsec t ions  w i l l  d i scuss  t h e s e  t h r e e  types  of v a r i a b l e s  
i n  more d e t a i l .  The d e f i n i t i o n s  of t h e s e  v a r i a b l e s  serve as a br idge  
between t h e  engineer ing no ta t ion  and t h e  computer program no ta t ion .  

1 4 . 1  The Fixed-point Var iab les  

There w i l l  be 48 fixed-point v a r i a b l e s  

F ( L )  L = 1, 2 ,  ..., 48 
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The f i r s t  35 of t h e s e  v a r i a b l e s  w i l l  be def ined  he re .  
be f o r  fu tu re  program use i f  t h e  need should ar ise .  

The last  13 W i l l  

F( L )  L = 1 , 4  

I w3L and E L Y  TOIL’ F(L) = 0, do not  r e s e t  I 

F(L) = 1, reset 1 and TOIL (caused by bad d a t a )  L 

F(L) = -1, reset IL, TOIL, and E (caused by stat,m l o c a t i o n  chang W 3 c  

F( L+4 ) L = l , 4  

F(L+k) = 0, current data bad or missing for station L 

F(L+k) = 1, current data good for station L 

P( Le) L = l ,  4 

F ( L + ~ )  = last value of F ( L + ~ )  
(Note: It may be desirable to display F(L+8).) 

F( L+12 ) L = 1 , 4  

F(L+I.~) = o for +way data from station L 

F(L+12) = 1 for 2-way data from station L 

P( ~ + 1 6  ) 

F(L+I.~) is the station L identification number; F(21) is t h e  

L = 1, 4 and F(21)  

transmitter identification number 

I F( L+21) L = l ,  5 

I 
F(L+21) = the last value of ~ ( ~ + 1 6 )  

Po 
F( 31) = 0 for no good tracking data 

F(31) = 1 if there is goad tracking data 
I 
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Fo 
F(32) = 0 for descent 

F(32) = 1 for ascent from surface of the moon 

F O  

F(33) is the previous value of F(31) 

Fo 
F(34) = 0 for free-flight before powered descent 

F(34) = 1 otherwise 

F(35)  = 0 under normal program operat ing condi t ions  

F (35)  = 1 under program restart  condi t ions 

1 4 . 2  Permanent Storage Var iab les  

The fol lowing v a r i a b l e s  a re  double-precision f loa t ing-poin t  
v a r i a b l e s  whose va lues  must be preserved from one cyc le  t o  t h e  next .  

x(1) 1 = 1, 21 

X(1) is the state vector, the elements of which were described in 
s e c t i o n  4 

YY(1) I = l , 4  

The actual measurement vector, %, described in s e c t i o n  8 

=(I, J) I = 1, 21 J = 1, 21 

J(1, J) is the symanetric, state error-covariance matrix defined in 
s e c t i o n  3; J(1, J) I = 1, 13 J = 1 4 ,  21 is  not used by 
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t h e  program. 

J, the J(1,  J) matrix will be designated as JX(T, J) i n  

the program. 

To avoid c o n f l i c t  w i th  t h e  i n t e g e r  

H I )  I = l , l e O  

p(I) consists of input constants and program generated constants. 

The f i rs t  126 P's are defined below. 
are  resenred for future  use by the program. 

a problem, the first 104 P's may be equivalenced t o  

=(I, J) I = I, 13 J = 14, 21. 

The remaining 54 P'e 

If storage is 

T = t he  FOP matrix. (RNP) i s  used t o  
convert s t a t ion  locat ion t o  MNBY 
coordinates. 

8 7 )  P(8) P(9) 

P(14) = ed.-\ATol/Tw3] 

P(15) - Tp, time tag of state vector i n  the f i l t e r  

~(16) = ATF, f i l t e r  integrat ion s tep  size 

P(17) = A%, the m a x m  AT used by TRAJ 

p(18) = To, current observation t i m e  

P(19) D ATo, time intemd betveen usable obeervatione 
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. -  

P(20) = TL, constant time lag between real time and To 

P(21) = TD, desired time of output state vector 

P(22) TDL, the last value of TD 

823) = time tag for output from program 

IM position and velocity output 
from the program, with time tag 
of ~(23), and in MNBY selenocentric 
coordinates 

P(L+29) 

P(34) = longitude of transmitter 

= longitude (+ east) of station L, L = 1, 4 

P(L+34) = %, cos ' P I L  + % cos '4, = -&&)2 + (y&)2' , L = 1, 4 

~(39) = cos tpl + E cos cq for transmitter 

p(~+39) = 

P(44) 

P( 45) 

sin 'ptL + 5 sin '9, = z h ,  L = 1, 4 

= 

= 

% sin cp' + H sin cp for transmitter 

maximum allovable value of 4; + E w3L before station L' s 

data is deleted by the filter 

~(46) = u2 for a 3-way station 

~(47) = 3 for a 2-way station 
w3 

w3 

~ ( ~ 4 7 )  = u2 for station L, L = 1, 4 m3 
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P(L+5l) t k, the a pr io r i  estimste of the station L "rate bias" 

e r r o r ,  L = 1, 4 

p(L+55) = value f o r  last cycle  of NFL = YY(L), L = 1, 4 

p o s i t i o n  and velocity of the moon 
with respect to the earth in 

I geocentric, MHBY coordinates 

= %/E 

P(61) YM/E 

P(62) = $/E 

H63) = &/E 

P(66) = $, earth's gravitational constant 
P(67) = %, moon's gravitational constant 

P(W = "E + % 



.-  

2 
UJ? 
2 
UlY 
2 

2 

U 

U 

%I 

2 2 
ag 
u 
acceleration 

ATo , velocity variance due to random gravitational 

, a measurement data constant '% 'tr 
C 

biasing frequency for all stations w3, 

c, the speed of light 

angular velocity of the earth %arth' 
P(L+96) = TOIL for station L ,  L = 1, 4 

mol) = uw , variance of measurement noise 

P(102) = initial value of J(1, I) I = 1, 3 for descent 

P(103) = initial value of J(1, I) I = 4, 6 for descent 



P(104) = i n i t i a l  value of J(1, I )  I = 7, 8 fo r  descent- 

P(lO5) = i n i t i a l  value of J(1,  I) I = 9 for descent 

P(106) = i n i t i a l  value of J(1, I )  I = 1, 3 f o r  ascent 

P(107) = i n i t i a l  value of J ( I ,  I) I = 4, 6 f o r  ascent 

~(108) = i n i t i a l  value of J(1, I )  I = 7, 8 f o r  ascent 

P ( l O 9 )  = i n i t i a l  value of J(1,  I )  I = 9 f o r  ascent 

p(L+109) = A n p @ )  L = 1, 4, t h e  pas t  va lue  of A Y Y ( L )  

P(3J-4) = A N N ,  the minimum allowable value of AW(L) 

P ( n 5 )  = A-, the maximum allowable value o f  AW(L) 

~ ( 1 1 6 )  = Am, the maximum allowable value of I AYY( L )  -AZp(L) I 

P(117) = i n i t i a l  value of mass f o r  descent 

~(118) = i n i t i a l  value of mass f o r  ascent 

P ( l l9 )  E approximate value of the t r a n e i t  time of electromagnetic 

waves from the spacecraft t o  the receiving s t a t ion  

P(120) = motor on time, In  hours from midnight of launch day, 
for  descent ;  motor on time should be a t  t h e  start of 

ullage 

~(1.21) = i n i t i a l  value of I$ f o r  ascent 

2 P(122) = pavered fl ight value of a& , used when tracking data 

is available 
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P(123)  = powered f l i g h t  va lue  of a:h, used when no t r a c k i n g  d a t a  i s  

available 

P(124)  = t ime i n t e r v a l  f o r  processing f r e e  f l i g h t  t r a c k i n g  d a t a  p r i o r  

t o  powered descent  i n i t i a t i o n  

P(125)  = t i m e  o f f s e t  t o  engine-on-time f o r  t h e  ascent  phase 

~ ( 1 2 6 )  = t i m e  o f f s e t  t o  engine-on-time f o r  t h e  descent  phase 

14 .3  Temporary Storage Variables 

A l l  temporary s to rage  va r i ab le s  are double p rec i s ion .  The s i z e s  
of t h e  var ious  ma t r i ces  and vec tors  are shown here .  

M(4,  21) D(21, 4) H(4, 4) B ( 2 L  4) 

To save s t o r a g e ,  t h e  vec to r  E ( 1 )  should be equivalenced t o  t h e  169 ele- 
ments of A ( 1 ,  J ) .  
t o  t h e  f i r s t  84 elements of A ( 1 ,  J ) ,  and B(1, J) should be equivalenced 
t o  t h e  next 84 elements of A ( 1 ,  J ) .  
of t h e  program i s  not  dependent upon t h e  equivalence of t h e  above 
v a r i a b l e s .  The equivalencing i s  only a s to rage  saving f e a t u r e .  

Also,  t h e  matr ix  D ( 1 ,  J) should be equivalenced 

However, note  t h a t  t h e  opera t ion  

The t o t a l  s to rage  requi red  by t h e  v a r i a b l e s  mentioned i n  t h i s  
s e c t i o n ,  and t h e  preceding two sec t ions ,  i s  1782 words of core  
s to rage .  Note t h a t  a s i n g l e  p rec i s ion  ve r s ion  of t h i s  program 
( p r a c t i c a l  only on a CDC machine) r e q u i r e s  only 915 words of core 
s t o r a g e .  

1 4 . 4  The Subroutine TRANST Programing I n s t r u c t  ions  

I n  s e c t i o n  12 ,  t h e  engineering equat ions for t h e  subrout ine TRANST 
were d iscussed .  
programing i n s t r u c t i o n s  by t h e  d e f i n i t i o n s  of t h e  E c e l l s  shown here .  

The engineer ing equat ions are "linked" t o  t h e  





The d e t a i l e d  programing i n s t r u c t i o n s  a r e  as follows 

@ a  ~ = 1 , 4  

E(L+1) = P(L+34)*DC(&(P(L+29) + E ( 1 ) )  

E( L+5) = P( L+34)*DSIN( P( L+29) + E( 1)) 

E( L+) = P( l)*E( L+1) + P( 4)*E( L+5) + P( 7)+P( L+39) 

E( ~ + 1 3 )  = P( 2)*E( L + l )  + P( 5)*E( L+5) + P( 8)*P( L+39) 

E(L+17) = P(3)*E(L+l) + P(6)*E(L+5) + P(9)*P(L+39) 

E(L+29) = X( 2 )  + E(L+85)*X( 5) 

E(L+33) = x(3) + E(L+85)*X(6) 

E(L+37) = E(L+25) - E(L49) 
. -  

E ( L + ~ )  = ~ ( ~ + 2 9 )  - E(L+I~)  
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D$b I = l , 3  

E(I+59)  = P(I)*E( 56) + P(1+3)*E( 57) + P(I+6)*P(44) 

b E ( I 6 2 )  = P(I)*E(58) + P(I+3)*E(59) 

Dgfc L = l , 4  

E(L+73) = E(L+29) - E( 6 1 )  - E(L+89)*E( 64) 

E( L+77) = E(L+33) - E( 6 2 )  - E(L+89)*E( 65) 

Note that X(I) ,  P ( I ) ,  and E ( 1 )  should be i n  common. 

14.5 The Subroutine TRAJ Programing I n s t r u c t i o n s  

T h i s  subrout ine w i l l  i n t e $ r a t e  t h e  f i r s t  s i x  elements of t h e  s ta te  
v e c t o r ,  and the pos i t i on  and v e l o c i t y  of t h e  moon over t h e  i n t e r v a l  
AT seconds according t o  t h e  equat ions ou t l ined  i n  s e c t i o n  5. The 
maximum s t e p  s i z e  i s  con t ro l l ed  by t h e  log ic  shown i n  f i g u r e  6.  A t  
t h e  present  t ime,  it i s  not a n t i c i p a t e d  t h a t  t h i s  op t ion  w i l l  ever  be 
exer-ciscd. It i s  included only as a s a f e t y  precaut ion  t o  avoid an 
overly l a r g e  in t eg ra t ion  s t e p .  This  op t ion  i s  designed p r imar i ly  
for Eree-f l ight  i n t e g r a t i o n .  If’ t h e  opt ion  i s  exe rc i sed  i n  powered 
f l i g h t ,  T R A J  assumes t h a t  V I  
inLegrat ion s t ep .  

$y and M a r e  cons t an t  over t h e  t o t a l  P’ 

- .  



A s  shown h e r e ,  t h e  d e f i n i t i o n s  of t h e  E c e l l s  l i n k  t h e  engineer ing 
equat ions t o  t h e  programing i n s t r u c t i o n s .  

E ( 1 )  = time of the state estimate 

E(2) = x E(3) = Y E(4) = z 

E ( 5 )  = 2 E(6)  = i E(7)  = i 

E(20) = s i n  Jr, E(21) = s in  9, 

E(22) = COS SP ~ ( 2 3 )  = COS qy 

E(31) = AT ~ ( 3 2 )  = A T ~ / Z  E(33) = AT3/6 



E(48)  = Cz 
X 

E(46)  = c 

aj; E(63) = - 
a%/E 

-. 
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i *, a; 

a;= 

E(82) = - ax 

~ ( 8 5 )  = - 
%/E 

ai’ E(88) = - 

... 
E(96) = x 

E(99) = N 

E(1OO) = 3 

.. 

E(101)  = 3 

E(102) = 3 

E(104) = 3 

E(78) = 

A 

a’i E(&) = - 
%/E 

ai’ E(89) = - 
a$Y 

ai’ ~ ( 9 2 )  = - 

E(79) -3 - 

a; E(&) = - aZ 

ai’ E(87) = - 

.. 
E(95) = 2 

... E(98) = z 
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The detailed programing instructions are shown here. Note that 
X ( i ) ,  P(I), and E ( 1 )  s h o u l d  be i n  common. 

-. 



d 

e 

7 3  



f 

g 

h 

i 
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E(I+103) = 3- DO*E( 36)*~(1+48) 

M g  I = l , 3  

E( 1+59) = E( lOO)*E( I+54) + E( 102)*E(I+42) 

E( 142) = -E( lOO)*E(I+~) -E(104)*E(I&8) 

L $ h  I = l , 2  

E(I+n) = E(101) *E(I+55) + E( 103)*E(I43) 

E( I+74) = -E( lOl)*E( I+55) -E( 105)*E(I+49) 

E(n) = E(61) 

E(74) = E(&) 

D @ i  I = l , 2  

J = 57 + 3*I 

E ( J )  = E(J) - E(I+52) 
E(J+~z) = E(J+~z) - E(I+~z) 
E(J+ZZ) = E(J+Z) 

~(~+23) = ~(~+i3) 

E(J+24)  = - E ( J )  - E(J+12) 
L $ j  1 = 1 , 3  

J = 55 + ll*I 

E( J) = E( 58)*( -P( I+73)+E( 27) + P( 1+76)*E( 26) ) 

E(J+~) = E( 58)*(P(I+73)*E(24) + P(1+76)*~(25) -P(I+79)*E(23)) 

E( J+2)  = E(I+45)*E( 59) 

E( J+3) = -E( I+b5)*E( 38) 
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j E(J+4) = -E(I+45)*E(39) 
I D # k  I = l , 3  

J = 49 + ll*I 

I .  

E( It92) = 

E( I+95) = 

-E( 42)*E( I+13) -E( 3O)*E( I+l) -E( 36)*E( I+7) -E( I&5)*E( 58) 

E( J)*E( 5) + E( J+l)*E( 6) + E( J+Z)*E( 7) + E( J+3)*E( 11) 
+ E( J+4)*E( 12) + E( J+5)*E( 13) + E( J+6)*E( 17) 
+ E( J+7)*E( 18) + E( J+8)*E( 19) 

k E(I+l) = E(I+l) + E(Itk)*E(31) + E(I+92)*E(32) + E(I+gS)*E(33) 

~ @ m  1 = 1 , 3  

E( I+lO) = E( I+lO) -E( 52)*E( 1+7)*E( 31) 

E(I+7) = E(I+7)*(1.DO + E( 52)*E(32)) + E(I+lO)*E(3l) 

14.6 Programing I n s t r u c t i o n s  f o r  Blocks 1 and 2 

Blocks 1 and 2 a r e  t h e  f i r s t  two blocks i n  t h e  o v e r a l l  block 
diagram shown i n  f i g u r e  5 .  The programing i n s t r u c t i o n s  f o r  t h e s e  
two blocks are shown here.  Based on r e s u l t s  from f u t u r e  s imulat ion 
s t u d i e s ,  t h e  equat ions i n  block 1 may have t o  be s l i g h t l y  modified.  
The l o g i c  for block 1 i s  included i n  flow cha r t  1 of t h e  appendix. 

comment BEGIN BLOCK 1 

Zero F ( I ) ,  X ( I ) ,  Y Y ( I ) ,  J X ( 1 ,  J), P ( I ) ,  Y ( I )  

Input  t h e  nonzero P ( 1 )  input  cons tan ts .  

inc luding  zero va lues ,  a r e  read  i n ,  t hen  omit zeroing 

P ( 1 )  above.)  

Se t  descent  (F(32) = 01, ascent  ( F ( 3 2 )  = 1) f l a g .  

( I f  a l l  P ( I ) ,  



Read i n  the RN'P matrix as shown below: 

Obtain t i m e  of powered f l i g h t  i n i t i a t i o n  from Mission Plan 
Table (ME'T) and store i n  ? ( l ? c ) )  

cnmmcril INITIATITZE FOR DESCENT OR ASCENT , 

TF (F(32) f 0) GO TO yy 

1'(1>) = P ( 1 x ) )  - k ' (12)C)  

I F ( ( T ~ ~  - ~ ( 2 0 ) ) .  LT. ~ ( 1 5 ) )  GO rn xx 

P(1;)) = P(l?O) 

IF ((TRL - P ( 2 0 ) ) .  TJT. P(120)) GO M ww 

~(18) = (71nI, - ~ ( 2 0 ) ) ~ ~  

STORE MPT LM M C I  VECTOR I N  P ( I ) ,  I = 60, 65 

a This s t e p ,  though e a s i l y  done, i s  very c r i t i c a l .  If not done 
proper ly ,  t h e  f i l t e r  may ge t  out  of "sync" wi th  t h e  observa t ion  t imes 
and  f a i l  t o  take in any measurements. Note, a l s o ,  t h a t  it i s  assumed 
t t 1 a . t  measurements are a v a i l a b l e  exac t ly  on t h e  second mark. For 
example, 5-measurements-per-second d a t a  cannot be processed wi th  t ime 
tags of 0 .9 ,  1.1, 1.3, 1.5, 1.7, 1 . 9 ,  2 .1 ,  ... seconds.  



I .- 
I .  
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CALL AEG. I m G R A T E  MPT LM M C I  VECTOR To P( 15 ) . 
STORE I N  P ( I ) ,  I = 60, 65. 

Go To z z  

y~ P(15) = P(120) - P ( 1 a )  

COMPUTE MCT STATE VECTOR OF LAUNCH SITE.  (See flow cha r t  1 

i n  appendix. ) 

CALL ELVCNV. CONVERT MCT VECTOR TO M C I  AND STORE M C I  VECTOR 

I N  P ( I ) ,  I = 60, 65. 
OBTAIN CSM M C I  STATE VECTOR AT P(15) FROM VEHICLE EPHEMERIS. 

STORE IN P ( I ) ,  I = 74, 79. 

zz CALL ELVCNV. CONVERT LM MCI VECTOR TO ECI. STORE ECI VECTOR 

IN X(I), I = 1, 6. 

IF F(32) # 0 GO T@ b 

Dd a I = 1, 3 

E ( I )  = P(I+59) 

E(I+3) = -P(I+62) 

Jx(1, I )  = P(102) 

a JX(I+3, I + 3 )  = P(103) 

JX(7, 7) = P(104) 

JX(8, 8 )  = P(104) 

Jx(9, 9)  = p(105) 



b 

C 

d 

comment 

e 
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E( 10) = E( l)*E( 5 )  -E( 2)*E( 4)  

f 

comment BEGIN BLOCK 2 

CALL TRANST 

~(16) = E ( 8 6 )  

14.7 Programing I n s t r u c t i o n s  f o r  Blocks 3,  4, 5 ,  and 6 

These blocks c o n s t i t u t e  the  dynamics po r t ion  of t h e  program. 
Based on r e s u l t s  from f u t u r e  s imulat ion s t u d i e s ,  t h e  equat ions i n  
block 3 may have t o  be s l i g h t l y  modified.  
procedure and t h e  log ic  f o r  block 3 are included i n  flow c h a r t s  2 and 
3 r e s p e c t i v e l y  of t h e  appendix. 

The log ic  f o r  a r e s t a r t  

J u s t  before  t h e  i n s t r u c t i o n  " I F  ~ ( 1 8 )  + P(20) > cur ren t  t ime 
WAIT" i s  t h e  i d e a l  time t o  in t e r rup t  t h i s  program t o  perform o the r  
shared opera t ions  w i t h  t h e  computer. This  i n s t r u c t i o n  fo rces  t h e  
program t o  be synchronized with rea l  t ime.  
w i l l .  execute " f a s t e r "  t han  r e a l  t ime,  t h e r e  always w i l l  be  a pause 
a t  t h i s  i n s t r u c t i o n  t o  allow r e a l  t i m e  t o  ca tch  up. 

Because t h e  program cyc le  
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I F  (P( 18) + P( 20) ) > Ta (current time in hours) WAIT 

comment BEGIN BLOCK 3 
IF ( ~ ( 3 5 )  # 0 )  GO 7% aaa 

I F  F(34) f 0 

I F  P(15) < P(120) 

@ T(d ab 

G# @ ag 

comment INITIALIZE THRUST ANGLE F@R DESC‘ENT 

E( 7) = DSQ,RT(E( 4)mz + E( 5)*2) 

X( 7) = DATAN2( E( 4)  9 E( 5 ) )  

X ( 8 )  = DATAN2(E(6), E ( 7 ) )  

~ ~ ( 1 2 ,  1 2 )  = ~ ( 1 2 3 )  

P(g0) = . P( 123) 

F(34) = 1 

comment SET DATA DRfdF$UT FLAC 



b 
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ac P(%) = P(123) 

G# T8 ae 
ad Jx(12, 12) = P(122) 

L 

ae N 3 3 )  = F(31) 

comment SFX N$!kNAL VALUE OF MD#r Tg mST ESTIMATE gF MD#T 

af P(72) = P(72) + X(12) 

x(12) = 0 .  Do 

ag @mm 
comment BEGIN BtOCK 4 

~(31) = ~ ( 1 6 )  

E(1) = p(15) 

D # b  I = l , 6  

E(I+1) = X(1) 

E(I+7) = P(I+59) 

C A t L  TRAJ 

P(15) = E ( 1 )  

D # C  I = l , 6  

X ( 1 )  = E(I+1) 

C P(I+59) = E(I+7) 

comment SET AT 
* 

IF  F(34)  = 0 G# @ d 
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d 

e 

f 

g 

comment 

h 

comment 

3. 

~ 

M ( 4 ,  1) = ~(16) 

M ( 4 ,  1) = 0- Do 

@f I = 7 , 9  

X ( I )  = X ( 1 )  + E ( I + l O ) H ( h ,  1) 

@ g I = 10, 1 3  

x(1) = X ( I ) * P ( I )  

X ( I & )  = X(I&)*P(14)  

BEGIN BLOCK 5 

D $ h  J = l , 3  

K = 4 8 + n M  

D $ h  I = l , 3  

K = K+1 

M(J, I) = E(K)*P(~~) 

M(J, I+6) = E(K+6)*P(16) 

M(J, I+U) = ~(~e)*P(16) 

BEGIN BLOCK 6 

D $ k  I = l , 1 3  

D$i J = l , 3  

A ( 1 ,  J) = JX(1, J) + JX(1, J+3)*P(16) 

A ( 1 ,  J+3) = J X ( 1 ,  l)iIN(J, 1) + JX(I, 2)M(J, 2) 

+ JX(1, 3)*(J,3) + JNI, 7)44(J9 7) 
+ Jx(I, 8)W(J,8) + =(I, 9)m(J, 9) 
+ JX(1, 12)rM(J, 12) +=(I, 13)H(J, 13) 

+ =(I, J+3) 

-. 
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DQI 3 J =  7 , 9  

k 

.. 

A ( 1 ,  J) = JX(1, J) + JX(1, J+3)W(4,1) 

D# k J = 10, 1 3  

JX(1, J) = A ( 1 ,  J) + A ( I + 3 ,  J)*P(16) 

L = 1 + 3  

JX(1, J) = A(1 ,  J) + A(I+3,  J)W(J+, 1) 

I)$ p 

D@ p 

I = 10, 13 

J = I, 13 

JX(1, J) = P(I)*A(I, J )  

M S  I = 2 , 1 3  

L = 1-1 . 

D@q J = l , L  

J X ( 1 ,  J) = JX(J, I )  

D$r J =  1, 13 

@ r  1 = 1 , 4  

A ( 1 ,  J) = P(14)+Jx(I+13, J) 
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8 5  

X JX(I, 1 )  = JX(I, I )  + ~ ( 9 2 )  

D# y I = 10, 13 

J X ( 1 ,  I )  = JX(1, I )  + P(I+73)*F'(I+78) 

Y =(I&, 1 4 )  = =(I&, I&) + P(87)*P(I+38) 

14.8 Programing I n s t r u c t i o n s  f o r  Blocks 7 through 1 4  

The check on IF(1)I + IF(2)I + IF(3)1 + l~(411, shown func t iona l ly  
between blocks 9 and 10 i n  t h e  o v e r a l l  block diagram, i s  made by 
equiva len t  checks a t  t h e  beginning of block 1 0 .  

I comment BEGIN BLOCK 7 

M =  0 

D $ g  L = l , 4  

IF  t h e r e  i s  a gooda cycle count for t h e  Lth s t a t i o n  i n  t h e  

i n t e r v a l  P(18) -1.D-5 t o  ~(18) + 1.D-5 hours G$ 'I$ a 

P(L+109) = 0.m 
M = M + l  

~ ( ~ 4 . t )  = o 

F(L) = o 

~ ~~ 

a The word good means t h a t  t h e  t r ack ing  s t a t i o n  has  a t t ached  a 
good l a b e l  t o  t h e  da t a .  
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a Store count in YU(L) 

b Set F(L+12) = 0 for +way Doppler. 

b Set F(L+12) = 1 for 2-way Doppler. 

Load station ID number Into F(L+16) P 
Load %, a priori "rate bias" In cycles/hour, into P(L+51). 

E(94) = W L )  -P(L+55) 

IF (E(94) P(114)) G$ @ b 
IF (E(94) 2 P(115)) G$ @ b 
IF (DABS(E(94) -F'(L+l09))) 2 ~(116) @ @ b 

F(L&) = 1 

G Q W C  

b F(L+~) = o 

C P(L+l09) = E(94) 

IF (F(L&) -F(L+8)) > 0 GQ T# d 

F(L) = o 

c Q I T B e  

d F(L) = 1 

e IF ~ ( ~ + 1 6 )  = F(L+21) G# @ f 

b 
The information concerning t h e  f l a g ,  F ( L  + 12), and t h e  s t a t i o n  

TI) number, F(L + 16), i s  contained i n  t h e  t r a c k i n g  s t a t i o n  inpu t  word 



Load geodet ic  longi tude  of s t a t i o n  F( ~+16) i n t o  P( L+29). a 

Load 

Load 

cos cp' + H cos cp f o r  s t a t i o n  F(L+16) i n t o  P(L+34) .a 

s i n  cp' + H s i n  cp f o r  s t a t i o n  F ( L + ~ G )  i n t o  P(L+39). a 

F(L) = -1 

f P(L+55) = W L )  

g F ( L + ~ )  = F ( L + ~ )  

I F M = 4 G $ ! I $ i  

Load t r a n s m i t t e r  I D  i n t o  F( 21) .  

I F  F(21) = F(26) G# i 

* 
Load geodet ic  longi tude  of s t a t i o n  F( 21 )  i n t o  P( 34). 

Load % cos cp' + H cos cp 

Load % s i n  cp' + H s i n  (9 

D$h I = l , 4  

* 
fo r  s t a t i o n  F(21)  i n t o  P(39).  

for s t a t i o n  F(21) i n t o  P(44).  
* 

h F(1)  = -1 

i Dplj 1 = 1 , 5  

J F(I+21) = ~(1+16)  

comment BEGIN BLOCK 8 

CALI, TRANST 

P(16) = E(%) + P( l9 )  

a These quantities may be loaded directly from the station 
characteristics table. 



comment BEGIN BLOCK 9 

D$o L = l , 4  

IF F ( L + ~ )  = o G$ T$ m 

K = L+33 

M(L, ~ + i 3 )  = ~ ( 1 8 )  - ~ ( ~ + 9 6 )  

M(L, L+17) = -1.DO 

D # k  J = l , 3  

K = K+4 

M(L, J )  = P(93)*(E(K)/E(L+Q) + E(K+32)/E(L+81)) 

k M(L, J+3) = E(L+85)W(L, J) 

@ T # O  

m ~ $ n  1 = 1 , 6  

n M(L, I) = 0. DO 

M(L, ~ + i 3 )  = 0. DO 

M(L, L+U) = 0. DO 

0 CONTINUE 

comment BEGIN BLOCK 10 

D # v  L = l , 4  

IF (F(L)) = o @ T$ v 

( L + ~ T )  . ~ ( 9 ,  J F ( L + ~ ~ )  + E ( L + ~ I ) )  -YY(L) 

~ ( ~ 9 6 )  = P(1Bj 

D$ p J = 1, 2 1  

P JX(L+17, J) = 0. DO 

D# q J = 14, 2 1  
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' .  r 

9 

t 

U 

V 

W 

JX(J, L+17) = 0. DO 

X(L+13) = 0. DO 

@ t  J = l , Z 1  

JX(L+13, J) = 0. DO 

D$ u J = 14, 2 1  

JX(J, L + l 3 )  = 0. DO 

J X ( L + ~ ~ ,  ~ + 1 3 )  = ~ ( ~ + 4 7 )  

C$NTINLIE 

D # z  L = l , 4  

I F  ( F ( L ) )  = 0 G$ l$ z 

I$w J =  1, 21 

X JX(J, L+17) = JX(L+17, J) 



Y 

2 

comment 

aa 

comment 

comment 

ab 

ac 

comment 

JX(L+17, L+17) = JX(L+17, L+17) + F'(101) 
M(L, ~ + i 3 )  = 0. DO 

M(L, ~ + i 7 )  = 0. DO 

My J = l , 6  

M(L, J )  = 0- DO 

C$NTINUE 

BEGIN BLOCK 11 

@ a a  ~ = l , 4  

Y(L) = YY(L) -P(93)+(E(L+49) + E(L+81)) - (P(94)  + P(L+51) 
+ ~ ( ~ + 1 3 ) ) + ( P ( 1 8 )  -P(L+96)) + X(L+17) 

IF  (F (L&))  = 0 SGT Y(L) = 0. DO 

C#NTINUE 

P(18) = P(18) + P(19) 

M = O  

BEGIN BLOCK 12 

FORM D = J(M TRANSFOSE) 

D$ ac 

M a c  J = l , 4  

D(1, J )  = JX(1, l )+M(J ,  1) + JX(1, 2)wM(J, 2 )  + 3)+M(J,3) 
+=(I, 4 ) a ( J ,  4 )  + JX(1, 5)+M(J, 5 )  + JX(1, 6)+'NJ,6) 
+ JX( J+13, I)W( J, J+13) + JX( J+17,I)+M( J, J+17) 

I = 1, 21 

F Q R M H = M D + W  

@ae 1 = 1 , 4  

M a d  J = l , I  



ad H ( 1 ,  J )  = M ( I ,  l ) + D ( l ,  J) + M ( 1 ,  2)*D(2, J) + M(I, 3)*D(3 ,  J)  

+ M ( I ,  4)+D!4, J) + M ( 1 ,  5)*D(5, J) +M(I, 6)*D(6 ,  J> 

+ M(I, I+ll)*D(I+l3, J) + M ( 1 ,  I+17)uD(I+17, J) 

ae H ( I ,  I )  5 H ( 1 ,  I )  + P(101) 

DO aea L = 1, 4 

aea M(L, 10) = H(L, L)*P(45)  I colmnent FORMB = HINVERSE 

0 
a 

* 
n 

H ( 1 ,  1) = l.DO/H(l, 1) 

Mad J = l , 3  

L = J+1 

D$ ai I = 1,J 

H ( 1 ,  L )  = 0. DO 

D$af K = l ,  J 

af H ( 1 ,  L )  = H ( 1 ,  L) - H(L,  K)*H(I ,  K )  

M a g  K =  1, J 

ag H(L,  L)  = H(L, L )  + H(L, K)*H(K, L )  

H(L, L )  = i .m/H(~, L) 
*ah I = ~ , J  

ah H(L, I) = H ( 1 ,  L)+H(L, L )  

@ a i  I = l , J  

@ai K = I , J  

H(I, K) = H(I ,  K )  + H(I, L)*H(L, K )  

a i  H(K, I )  = H ( 1 ,  K )  

D$aj I = l , J  

a3 H ( 1 ,  L)  = H(L, I )  

. Change 1, September 8 ,  1969 
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comment FORM B = DH 

0 D $ a k  J = l , 4  

ak B(1 ,  J)  = D ( 1 ,  l)*H(l, J )  + D ( 1 ,  2)*H(2, J) + D ( I ,  3 ) * H ( 3 ,  J) 

comment BEGIN BLOCK 13 

@ a n  ~ = l , 4  

IF ( F ( L + ~ ) )  = o G# @ an 

H(L, 1) = Y(L)**~ 

IF ( H ( L ,  1) < M ( L ,  i o )  .AND. STATION IN AVERAGE) I GO TO an  

F(L+~) = 0 

D $ a  J = i , 6  

I am M(L, J)  = 0 .  DO 

M(L, K) = 0.  DO 

M(L, ~ + i 7 )  = 0 .  DO 

an C$NTINUE I 
I ~ # a o  L = I , ~  

IF (F(L+4) = 0 )  @ !I$ ao 

IF ( H ( L ,  1) < M ( L ,  i o )  .AND.  STATION I N  AVERAGE) 

GO TO a o  

Y(L) = 0 .  DO 
I 

3 

a Change 1, September 8 ,  1969 

N A S A  - MSC 
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0 0 0 0 0  

0 0 0 0 0  

m21 m22 %3 m24 %5 m26 
M =  

m31 m32 m33 m34 m35 m36 

0 0 0 0 0  1 m4i  m42 m43 m44 m45 m46 

O l  
0 0 0 m 0 0 148 m1,14 

O I  

0 
2,19 0 0  0 m 0 0 0 m 

2915 

0 0  0 

0 0  0 

0 
m3,16 0 0 

0 0 %, 17 0 
O I  

m3, 20 
0 

0 0 m4,2lJ 

If t h e  measurement f l a g ,  F(L+4) L = 1,4, i n d i c a t e s  t h a t  t h e  d a t a  
f o r  s t a t i o n  L i s  e i t h e r  bad o r  missing, then  t h e  Lth row of t h e  M mat r ix  
i s  s e t  t o  zero.  This  causes  t h e  s t a t e  e r r o r  ccvariance mat r ix  t o  r e f l e c t  
t h e  f a c t  t h a t  t h e  s t a t i o n  L d a t a  i s  not being used. 

Note t h a t  t h e  e r r o r  i n  ca l cu la t ing  I L' e IL' i s  

- M(L, 1) e + M(L, 2)  e + M(L, 3 )  e Z  
X Y IL - e 

where e e ..., e. a r e  t h e  e r r o r s  i n  t h e  f i l t e r ' s  estimates of x ,  

y ,  ..., z .  This  equat ion w i l l  be used t o  r e s e t  t h e  (L+13)th row and 
columc of t h e  s ta te  e r r o r  covariance matrix whenever I i s  r e i n i t i a l i z e d .  

For  example, l e t  L = 2. Then 

x: Y' Z 

L 
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and so on. 
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9.0 DATA INPUT LOGIC AND DATA STATUS CHECKS 

The fol lowing i n t e g e r s  a r e  def ined t o  assist  i n  t h e  handl ing of 
t h e  measurements. 

F(L) L = 1, 2, 3, 4 

F(L) = o w3L do not  r e s e t  I L' TOIL, and E 

(Caused by bad d a t a .  ) 
OIL' r e s e t  I and T L F(L) = 1 

(Caused by s t a t i o n  l o c a t i o n  w3L' and E L' TOIL, F(L) = -1 r e s e t  I 

change. ) 

F(L+4) L = 1, 2, 3, 4 

F(L+4) = 0, cur ren t  d a t a  bad or missing for s t a t i o n  L 

F(L+4) = 1, cur ren t  data good f o r  s t a t i o n  L 

F(L+8) L = 1, 2, 3 ,  4 

F(L+8) = las t  va lue  of F(L+4). Note: it may be d e s i r a b l e  t o  d i sp l ay  
t h e s e  f l a g s .  

F( L+12) L = 1, 2, 3 ,  4 

F(L+12) = 0 f o r  3-way data from station L ' 

F(L+12) = 1 for  2-way data from station L 

P( ~t16) L = 1, 2,  3, 4 

~ ( ~ + 1 6 )  is the station L identification number 
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PI( 21) 

F( 21) ia the transmitter identification number 

F( L+21) L = 1, 2, 3, 4, 5 

F(L+21) = the last value of ~ ( ~ + 1 6 )  

P a r t  of t h e  d a t a  s t a t u s  checks involves  edi t inrr  of t h e  d a t a .  A 
sixrple, bu t  e f f e c t i v e ,  d a t a  e d i t i n g  scheme i s  used t o  t a g  t h e  d a t a  good 
o r  bad. 
t h e  cu r ren t  d a t a  aga ins t  t h e  two previous d a t a  p o i n t s .  
good, t h e  cur ren t  d a t a  po in t  must pass  both  a g ross  reasonableness  t e s t  
and a smoothness check. The gross  reasonableness  t e s t  i s  made by 
checking t h e  s lope  ( N o  - Nl)/ATO, ( f i g .  2 ) .  

reasonable  bounds; otherwise,  t h e  cyc le  count a t  To w i l l  be l abe led  

bad. For example, t h e  s lope  i s  approximated as 

The scheme i s  a " three-point"  e d i t i n g  procedure which checks 
To be l abe led  

The s lope  must l i e  w i th in  

bo - M1)/ATo =: w3 + 2 7 ' Vtr (velocity along the line .of sight) 

where 
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Cycle 
count 

*1 ;I *2 

acceptable 

predicted point 

I time 
I 

&AT0 -+- ATo --I To, current 

observation time 
*2 T1 

Figure 2.- Illustration of data editing. 

Because the line-of-sight velocity of the LM with respect to the 
earth ( f o r  lunar ascent and descent) is always less than 6000 f p s ,  note 
that 

lo6 -28,000 < (No - Nl)/ATo < 10 6 + 28,000 cycles/sec 

The predicted data point is given by the first-order Taylor series 
expansion 

CI N1 - N2 No = N +- 1 T1 - T2 ('0 - Ti) 



The smoothness check i s  passed i f  

where a value w i l l  be der ived  f o r  A 2MAx la ter .  

Data e d i t i n g  i s  g r e a t l y  s i m p l i f i e d  i f  t h e r e  i s  an assurance of 
a v a i l a b l e  da ta  a t  every observa t ion  t i m e ;  t h a t  i s ,  no missing d a t a .  
This  requirement can be e a s i l y  sat isf ied i f ,  when a d a t a  po in t  i s  
missing,  t h e  cur ren t  cyc le  count i s  assumed t o  be t h e  same as t h e  
previous cycle  count.  
reasonableness t es t  would be f a i l e d  i n  t h i s  ca se  and t h e  data po in t  
would be labe led  bad. I f  t h e r e  are data a t  every observa t ion  t ime,  then  

This i s  p e r f e c t l y  safe t o  do because t h e  gross  

and 

io = 2N1 - Nz 
and 

But t h e  quant i ty  on t h e  r i g h t  i s  t h e  second d i f f e r e n c e  of t h e  cyc le  
count ,  A N which i s  approximately 2 0’ 

 AT^' (acceleration dong the line of s i g h t )  
w4 Vtr 

d Z N 0 W 2 C  

Because t h e  maximum a c c e l e r a t i o n  of t h e  LM is about 30 f t / s e c 2 ,  it 
follows t h a t  

because of LM acce le ra t ion .  However, because t h e r e  are random e r r o r s  
added t o  t h e  measurements, it fo l lows  t h a t  

.. . 
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*I -82 cycles 

Because t h e  random e r r o r  i s  pr imar i ly  caused by a Yero t o  1 quan t i za t ion  
e r r o r  i n  t h e  cyc le  counter ,  t h e  maximum value  of A * No caused by quan- 

t i z a t i o n  e r r o r  would be 

1$ No I < 2 cycles 

may be chosen as 2MA x Thus, t h e  value f o r  A 

A- 2 140 ATo 2 cycles 

I n  summary t h e  cu r ren t  da t a  i s  accepted i f  

- N <A AIMIN<NO 1 lMAX 

and 

where 

AmN H (lo6 - 28,000) ATo cycles 

w (10 + 28,000) ATo cycles 6 

A2M4x LT 2 + 140  AT^^ cycles 
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There i s  one fu r the l .  data e d i t i n g  check performed i n  another  p a r t  
of t h e  program. Immediately before  t h e  s t a t e  vec tor  i s  c o r r e c t e d ,  t h e  
s a l u t i o n  f o r  t h e  "rate  bias" ,  bL + E ~ ~ ~ ,  i s  checked t o  see i f  it i s  t o o  

1,.,1-~:~\, based on t h e  curreii t  measurements. I f  it j s  1arg:cr than  some 
F,rcdctermined maximum v a l u e ,  then  t h e  r e s i d u a l  f o r  t h a t  st,::t,ion i s  se t  
t,,) ze ro ,  t h e  corresponding row of t h e  measurement ma.trix i s  zeroed, 
F(L+d) i s  s e t  t o  ze ro ,  a n d  t h e  measurement weighting rnrltrix, B ,  i s  re- 
es t imated.  The reason f"-)~ t h i s  a d d i t i o n a l  e d i t i n g  chec.1, i s  t h a t  w i t h  
the  normal e d i t i n e  a l a r g e  r a t e  b i a s  e r r o r  cannot be e a s i l y  d e t e c t e d .  
i*,.I.sc, depending on t h e  s i z e  of AT a f e w  w i l d  data poiii ts  can pass  t h e  0' 
1;arrnal e d i t i n g  . 

The d a t a  s t a t u s  checks do t h e  fol lowing 

1. If d a t a  f o r  s t a t i o n  L i s  missing o r  bad f o r  t ime T t h e  number 0' 
i n  t h e  s t a t i o n  L cyc le  count c e l l  i s  l a b e l e d  bad by s e t t i n g  F(L+h) = 0. 

2 .  Likewise, F(L+8) i s  se t  t o  zero (elsewhere i n  t h e  program) i f  
s t a t i o n  L has  t o o  l a r g e  a "rate  b ias"  e r r o r ,  b + E . L w ? L  

3.  F(L)  i s  s e t  t o  1 i f  s t a t i o n  L d a t a  goes from bad t o  good. When 
F (L)  = 1, TOIL and t h e  s t a . t i on  L i n t e g r a t i o n  c o n s t a n t ,  IL, w i l l  be  re- 

i n i t i a l i z e d .  A l s o  t h e  corresponding row and column of t h e  s t a t e  e r r o r  
covariance matr ix  w i l l  be r e i n i t i a l i z e d .  

4. F(L) i s  s e t  t o  -1 i f  t h e  s t a t i o n  L l o c a t i o n  changes o r  i f  t h e  

= X ( L + 1 3 )  are r e i n i t i a l i z e d ,  and t h e  corresponding row and column 

t r a n s m i t t e r  loca t ion  changes. When F(L) = -1, t h e  I L' TOIL)  and 

w3L E 

of t h e  s t a t e  e r r o r  covariance matr ix  w i l l  be  r e i n i t i a l i z e d .  

5 .  The F(L+12) f l a g  i s  s e t  t o  ze ro  o r  1 according t o  whether t h e  
s t a t i o n  i s  a 3-way o r  2-way s t a t i o n .  

A block diagram of t h i s  l o g i c  i s  shown i n  f i g u r e  3. I n  t h i s  
diagram 

YY(L) is storage for the current cycle count from station L 

mp(L) is  the past value of W(L) 

- =(L) - W , ( L )  

AYY+L) = past value of AYY(L) 
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10.0 I N I T I A L I Z A T I O N  OF MEASUREMENT CONSTANTS 

I L '  When F(L) = 1, TOIL and t h e  s t a t i o n  L i n t e g r a t i o n  cons t an t ,  

w i l l  be  r e i n i t i a l i z e d .  
s t a t e  e r r o r  covariance mat r ix  w i l l  be r e i n i t i a l i z e d .  I n  s e c t i o n  8 
t h e  i n i t i a l i z a t i o n  equat ion f o r  I w a s  given by L 

Also,  t h e  corresponding row and column of  t h e  

When F(L) = -1, TOIL, I, and = X(L + 13)  w i l l  be r e i n i t i a l i z e d ;  
LI 

X ( L  + 13)  i s  i n i t i a l i z e d  by s e t t i n g  I t  equal  t o  zero.  Likewise,  t h e  
corresponding rows and columns of t h e  state e r r o r  covariance w i l l  be 
r e i n i t i a l i z e d .  Whenever i n i t i a l i z a t i o n  t a k e s  p l a c e ,  t h e  measurement 
i s  used i n  the  i n i t i a l i z a t i o n  equat ions  and should not  be used again 
i n  t h e  Kalman f i l t e r .  
of t h e  M matr ix  i s  zeroed ou t .  

To prevent  t h i s  r e u s e ,  t h e  appropr i a t e  row 

The block diagram f o r  t h e  i n i t i a l i z a t i o n  procedure i s  shown i n  
f i g G e  4. In  t h i s  block diagram 

846) = u2 for a 3-vay station w3 

847) = u2 for a 2-way station 013 

~ ( ~ 4 7 )  = o2 for station L, L = 1, 2 ,  3,  4 u3 



43 

a .  

0 0 '  
0 

I1 II 

a, 
k 
3 a 
a, 
0 
0 
k 

8 
k 
M 
cd 

.A a 
-2 
0 
d a 

I 

J 



44 

11.0 STATE AND COVARIANCE MATRIX UPDATE EQUATIONS 

t h e  

J =  
a n d  

0 

0 

0 

0 

A s  i n  sec t ion  6, s p e c l a l  procedures t o  save t i m e  a r e  used t o  perform 
T fol lowing matr ix  opera t ions  : 

J - BD 
as p a r t  of t h e  de&iiled-prog&m i n s t r u c t i o n s .  

D = JM , H = MD + w H = H - ~  , B = DH, 
T n 

and X = X + B(Y* - Y ) .  The s p e c i a l  procedures are given below 

I n  sec t ion  

%,14 

0 

0 

0 

a ,  t h e  

5 2  

mz2 

32 

m42 

m 

0 

% , l S  

0 

0 

M mat r ix  w a s  shown i n  t h e  form 

5 3  "14 "15 5 6  

9 3  %4 5 5  %6 

m33 m34 m35 m36 0 0  

m43 %4 m45 m46 0 0  

0 "1,18 0 

O %19 0 0 

0 0 0 

m 0 0 

m3, 16 

4,17 0 

0 0  

0 0  

0 0  

0 0  

0 

0 

m3, 20 

0 

0 

0 

0 

0 

- 
0 

0 

0 

%,21 
.I 

T By t h e  use of the  s p e c i a l  form of t h e  M mat r ix ,  D = J M i s  given by 



45 

Note that J(1,J)  I = 1,13 J = 14,Zl I s  not used In the above algorithm. 

H = MD + W I s  given by 

Note that only the lower triangular part of the symmetric matrix H is 
calculated 

H = H - l  I s  given by 

H ( 1 , l )  = l-DO/H(l,l) 

@ e J = l , 3  

L = J+1 

D# a I = l ,J  

H(I,L) = 0. DO 

@ a K = i , ~  

a H(I,L) = H(I,L) - H(L,K)+H(I,K) 

XI#  b K = l ,J  
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b 

C 

d 

e 

Note that the above inversion algorithm i s  designed specifically to 
invert a symwtric matrix using only the lower triangular part of 
that matrix. The algorithm requires about half the number of multi- 
plications and additions that a normal matrix multiplication requires. 
use, no external storage is used. 

B = DH is given by 

J = J - B DT i s  given by 

E$ a I = 1,13  

D# a J = I, l3 
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-B( I, 4 ) *D( J, 4) 

c J(J,I) = J(I,J) 

Note t h a t  t h e  aSo-Je algori thm makes use of t h e  symmetry of  t h e  J matr ix ,  
and, aga in ,  J(1,J)  I = 1, 13 J = 1 4 ,  21 i s  no t  used o r  d i s tu rbed .  This 
p a r t  of t h e  J matr ix  has not  been used anywhere I n  t h e  pre;rious s e c t i c n s .  
Thus, t h i s  block of 104 double prec i s ion  iqords of nondestroyable s to rage  
i s  ava i l ab le  f o r  o the r  uses  wi th in  t h e  program. 

- x + B(p - f), where - is stored in Y(I), is given by 5 -  - 

+ B(I,4)*Y(4) 
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12.0 LIGHT TIME SUBROUTINE (SUBROUTINE TRANST) 

This subrout ine so lves  t h e  t r a n s i t  t i m e  equa t ions ;  t h a t  i s ,  given 
a measurement observa t ion  t i m e  T 0' 
which t h e  s i g n a l  had t o  leave  t h e  v e h i c l e  i n  order  t o  a r r i v e  a t  t h e  
r ece iv ing  s t a t i o n  a t  t i m e  T 0 '  
which t h e  s i g n a l  had t o  l eave  t h e  t r a n s m i t t e r  i n  order  t o  a r r i v e  a t  t h e  
v e h i c l e  a t  time T 

TRANST solves  f o r  TV, t h e  t ime a t  

TRANST a l s o  so lves  f o r  TT, t h e  t i m e  a t  

V' 

The subrout ine es t imates  R ( T  ) - R ( T  ) ,  t h e  range vec tor  from --v V I  S I  0 
t h e  r ece ive r  t o  t h e  v e h i c l e ,  and R ( T  ) - R ( T  ) , t h e  range vec tor  

from t h e  t r a n s m i t t e r  t o  t h e  veh ic l e .  TRANST a l s o  so lves  for t h e  magnitude 
of t h e s e  vec to r s .  

+ V I  -T T I  

The time f o r  s t a t i o n  I ,  TVI, i s  obtained by i t e r a t i n g  t h e  equat ion 

1 Tm = To - F 

A value of TVI = T 

used t o  s ta r t  t h e  i t e r a t i o n .  Because of t h e  manner i n  which T i s  

updated (ATF = T 

( T  i s  t h e  f i l t e r  t i m e  t a g  of t h e  s ta te  v e c t o r )  i s  F F  

F 
+ ATo - TF) , TVI - T i s  always less  than  0.02 second. 

V 1  

( n )  may be w r i t t e n  symbol ica l ly  f o r  t h e  n th  T V I  From t h e  above equat ion,  

i t e r a t e d  so lu t ion  as 



.c 

49 

The e r r o r ,  e ,  i n  t h e  s o l u t i o n  for T a f t e r  n i t e r a t i o n s ,  i s  given by V I  ' 
t h e  equat ion 

where M i s  t h e  maximum abso lu te  va lue  of df/dT in t h e  v i c i n i t y  of 
V I  

. The equat ion f o r  df/dT i s  T V I  V I  

where V/S r e f e r s  t o  veh ic l e  w i t h  r e spec t  t o  t h e  s t a t i o n ,  and V/E r e f e r s  
t o  veh ic l e  wi th  r e spec t  :o t h e  e a r t h .  For a maximum veh ic l e  v e l o c i t y  
of l o 4  f p s ,  M can be evaluated as 

Because le  ( ' ' 1  i s  l e s s  than  2010-~ seconds 

for which a value of n = 1 will be used. Thus 

Af te r  T i s  determined, the  p o s i t i o n  of t h e  veh ic l e  can be V I  
c a l c u l a t e d  i n  t h e  following manner. 



Also, t h e  vec tor  components x(T ) -XSI(TO) ,  y(TVI) -ysI(To), z(TVI 1 V I  
-z  (T ) and t h e  abso lu te  magnitude of t h i s  vec to r  w i l l  be ca l cu la t ed .  S I  0 

I n  t h e  ca l cu la t ion  of T s i n c e  t h e  s ta te  vec tor  i s  i n  MNBY co- 

o r d i n a t e s ,  t he  fou r  s t a t i o n  l o c a t i o n  vec to r s  must a l s o  be i n  MNBY co- 
o rd ina te s .  I n  t rue-of-date  coord ina tes ,  t h e  s t a t i o n  l o c a t i o n  i s  given 
by 

VI ' 

where P ( I+29) ,  P ( I + 3 4 ) ,  and P ( I+39)  are obta ined  from t h e  s t a t i o n  
c h a r a c t e r i s t i c s  t a b l e  ( s e c t i o n  9, f i g .  2 ) .  These l o c a t i o n s  are then  
transformed t o  MNBY coord ina tes  by t h e  RNP mat r ix .  This  r equ i r e s  
four  coordinate  t ransformat ions  (one f o r  each of t h e  fou r  s t a t i o n s ) .  

The t ime TTI i s  obtained from 



where 

. I  

and where 

Note t h a t  

= (m)T 

and t h e  abso lu te  magnitude of t h i s  vec to r  can now be ca l cu la t ed .  



This  method for so lv ing  t h e  t r a n s i t  t ime equat ions r e q u i r e s  only 
s i x  mul t ip l i ca t ions  by t h e  RNP mat r ix  and only f i v e  c a l l s  t o  t h e  s i n e  
and cos ine  subrout ines .  A more s t r a igh t fo rward  approach would have 
r e s u l t e d  i n  12 RNP m u l t i p l i c a t i o n s  and 12 c a l l s  t o  t h e  s i n e  and cos ine  
subrout ines  . 

Despi te  t h e  f a c t  t h a t  only a s i n g l e  i t e r a t i o n  i s  used t o  obta in  
and T t h e  accuracy of the s o l u t i o n s  i s  more than  adequate.  Based 

T V I  TI ’ 
on a maximum veh ic l e  v e l o c i t y  of lo4 f p s  wi th  r e spec t  t o  t h e  e a r t h ,  t h e  
maximum e r r o r  i n  T 

I? (T ) - E (T i s  0.002 f t .  The maximum e r r o r  i n  c a l c u l a t i n g  T i s  -v VI S I  0 TI 
about 0.4010-~ second. 

i s  2*10-7 seconds. The maximum e r r o r  i n  c a l c u l a t i n g  VI 
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13.0 SUPERVISORY L O G I C  

a 

a 

_ -  

The o v e r a l l  block diagram of t h e  program i s  shown i n  f i g u r e  5 .  
The program has fou r  main a reas  of s p e c i a l t i e s .  Blocks 1 and 2 are 
f i r s t - t ime-only  b locks ,  used t o  i n i t i a l i z e  var ious  cons t an t s  and 
v a r i a b l e s .  Some of t h e s e  q u a n t i t i e s  are reset  i n  t h e  restart  b lock  
i n  t h e  event  t h a t  restart condi t ions occur .  Blocks 3 through 6 a r e  
concerned wi th  t h e  <vnamics. 
inents. 
and v e l o c i t y  ahead, o r  back,  t o  a d e s i r e d  t i m e ,  T,,. 

and v e l o c i t y  i n  block 16 w i l l  be  i n  IYNBY se l enocen t r i c  coord ina tes  wi th  
units of e a r t h  r a d i i  and e a r t h  r a d i i  pe r  hour.  The time t a g  w i l l  be 
i n  hcurs from midnight of t n e  launch day. 

Blocks 7 through 14 process  the measure- 
Blocks 1 5  and 16 i n t e g r a t e  t h e  cu r ren t  b e s t  estimates of p o s i t i o n  

The out;put p o s i t i o n  

The subrout ine  TRAJ,  nentioned i n  t h e  o v e r a l l  b lock  diagram, 
i n t e g r a t e s  t h e  f i r s t  s i x  elements of t h e  s ta te  vec to r  over t h e  i n t e r v a l  
AT seconds,  updates t i m e ,  and i n t e g r a t e s  t h e  moon's p o s i t i o n  and v e l o c i t y  
over  t h e  in t e r - Ja l  A T  seconds. Subroutine TRAJ has i t s  m a x i m u m  i n t e g r a t i o n  
s t e p  s i z e  l i m i t e d  t o  ATmx. 

e r r o r  i n  t h e  state estimate if an unusual ly  l a r g e  AT i s  c a l l e d  f o r .  A 
b lock  diagram t h a t  i l l u s t r a t e s  how AT i s  l i m i t e d  i s  shown i n  f i g u r e  6. 

This i s  t o  prevent  an excess ive  t runca t ion  

New v a r i a b l e s  used i n  t h e  block diagram are def ined  below. 

P =  
119 

- 
To - 
T =  L 

- ATo - 

f i l t e r  t ime t a g  of t h e  state vec tor  

rea l  ( c u r r e n t )  ground t i m e ,  hours from midnight 
of  launch day 

t i m e  at  which a s i g n a l  would have t o  l eave  t h e  
spacec ra f t  I n  o rde r  t o  a r r i v e  at t h e  f irst  ground 
t r a c k i n g  s t a t i o n  at t i m e  To, t h e  observa t ion  t i m e  

ill +P F 119 
( n e a r e s t  2/10 second) or nea res t  4/36 000 hour ,  
depending upon whether d a t a  i s  processed 
every 0.2 second o r  every 0.4 second 

rounded t o  t h e  n e a r e s t  2/36 000 hour 

0 - T V 1  
approximate va lue  of T 

i s  an i npu t  cons t an t )  

observat ion t i m e  

RL 
cons tan t  l ag  time between observa t ions  and T 

t i m e  i n t e r v a l  between observa t ions  
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- - i n t e g r a t i o n  s t e p  s i z e  f o r  t h e  f i l t e r  
ATF 

ATMAx 

TD 

TDL 

AT - - i n t e g r a t i o n  s t e p  s i z e  used i n  TRAJ 

, .- -- maxinium al lowable value of AT 

- - desired t i ne  of output  stat,e vector  

- - las t  c y c l e ' s  va lue  of TD 
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I - - - - - - -  

N = 1. + ( w I / A T ~  
AT - AT/N rn 

(If i s  IATI/ATw rounded 
t o  the next higher integer.) 

L = 1  

1 

Integrate time, 
position, and velocity 

* 

AT S ~ C O ~ ~ S .  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Figure 6 ,  - Logic fo r  c o n t r o l l i n g  i n t e g r a t i o n  s t ep  s i z e  
i n  subrout ine  TRAJ. 
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14.0 DETAILED PROGRAMING INSTRUCTIONS 

The previous sec t ions  of t h i s  r e p o r t  have ou t l ined  t h e  engineer ing 
equat ions and l o g i c  and were intended only t o  supply gene ra l  background 
information.  The fol lowing sec t ions  p re sen t  t h e  a c t u a l  d e t a i l e d  
programing requirements.  

Ord ina r i ly ,  a 21-state  v a r i a b l e  f i l t e r  f o r  use  i n  real- t ime i s  indeed 
a formidable p ropos i t i on  s i n c e ,  f o r  example, it would be nea r ly  13 times 
slower i n  execut ion t i m e  t h a n  a 9 - s t a t e  v a r i a b l e  f i l t e r .  

To make t h e  21-state  v a r i a b l e  f i l t e r  p r a c t i c a l  f o r  u se  i n  real  
t i m e ,  t h e  formulat ion of t h e  engineer ing equat ions has been done by 
consider ing t h e  number of numerical opera t ions  performed by t h e  
d i g i t a l  computer. 

The d e t a i l e d  programing i n s t r u c t i o n s  w i l l  be presented  i n  no ta t ion  
similar t o  FORTRAN. Namely, D@ loops w i l l  be  used,  not because of 
any e x p e r t i s e  i n  programing, bu t  because they  o f f e r  t h e  engineer  an 
e l e g a n t l y  simple way t o  write large groups of equat ions.  Also ,  t h e  
n o t a t i o n  used w i l l  be  understandable by t h e  engineer ;  whi le ,  a t  t h e  
same t i m e ,  it w i l l  be d i r e c t l y  t r a n s l a t a b l e  i n t o  FORTRAN o r  machine 
language by t h e  programer. 
i n  t h i s  c l e a r l y  understandable form makes it poss ib l e  f o r  t h e  computer 
program t o  be implemented quickly wi th  t h e  l e a s t  poss ib l e  chance of 
e r r o r .  

Presenta t ion  of t h e  programing i n s t r u c t i o n s  

Var iab les  used wi th in  t h e  program may be ca tegor ized  broadly i n t o  
t h r e e  types 

1. Fixed po in t  v a r i a b l e s ,  used p r imar i ly  as l o g i c  f l a g s  

2. Double-precision, f l oa t ing -po in t ,  permanent-storage v a r i a b l e s ,  
used wherever q u a n t i t i e s  must be saved from one cyc le  t o  t h e  next  

_ -  
3. Double-precision, f l oa t ing -po in t ,  temporary-storage v a r i a b l e s ,  

used for q u a n t i t i e s  t h a t  need not be saved from one cyc le  t o  t h e  next 

The next t h r e e  subsect ions w i l l  d i scuss  t h e s e  t h r e e  types  of v a r i a b l e s  
i n  more d e t a i l .  The d e f i n i t i o n s  of t h e s e  v a r i a b l e s  serve as a br idge  
between t h e  engineer ing no ta t ion  and t h e  computer program no ta t ion .  

1 4 . 1  The Fixed-point Variables  

There w i l l  be 48 fixed-point v a r i a b l e s  

F ( L )  L = 1, 2,  ..., 48 
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The f i r s t  35 of t h e s e  v a r i a b l e s  w i l l  be def ined  he re .  
be f o r  f u t u r e  program use  i f  t h e  need should arise.  

The las t  13 w i l l  

F(L)  L = 1 , 4  

TOIL¶ and E w3L F(L) = 0, do n o t  r e s e t  ILy 

F(L) = 1, r e s e t  IL and TOIL (caused by bad d a t a )  

F(L) = -1, r e s e t  IL, TOIL, and E (caused by s t a t i o n  l o c a t i o n  change) 
ry3t 

F( L+4 ) L = l , 4  

F ( L 4 )  = 0, cu r ren t  d a t a  bad o r  missing f o r  s t a t i o n  L 

F(L+b) = 1, cur ren t  data good f o r  s t a t i o n  L 

F( ~ + 8 )  L = 1 , 4  

F ( L + ~ )  = last value of F ( L + ~ )  

(Note: it may be desirable t o  d i s p l a y  F(L+8).) 

F( L+12 ) L = 1 , 4  

F(L+I.~) = o f o r  +way data from s t a t i o n  L 

F(L+12) = 1 f o r  2-way data from s t a t i o n  L 

F( ~ + 1 6 )  

~ ( ~ + 1 6 )  I s  the  s t a t i o n  L i d e n t i f i c a t i o n  number; F( 21) i s  t h e  

L = 1, 4 and F(21) 

t r anemi t t e r  i d e n t i f i c a t i o n  number 

F(L+21) L = l , Z  

F(L+21) = the last value of ~ ( ~ + 1 6 )  

F O  

F( 31) = 0 f o r  no good t r ack ing  data 

F(31) = 1 i f  t h e r e  is good t r a c k i n g  d a t a  
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F_o 
F(32) = 0 for descent 

F( 32) = 1 for ascent from surface of the moon 

F O  

F(33) is the previous value of F(31) 

F O  

F(34) = 0 

F(34) = 1 otherwlse 

for free-flight before powered descent 

F(35)  = 0 under normal program opera t ing  condi t ions  

F (35)  = 1 under program res ta r t  condi t ions 

14 .2  Permanent Storage Variables  

The fol lowing v a r i a b l e s  are double-precis ion,  f loa t ing-poin t  
v a r i a b l e s  whose va lues  must be preserved from one cyc le  t o  t h e  next .  

x(1) I = 1, 21 

X(1)  is the state vector, the elements of which were described in 
s e c t i o n  4 

_ -  
YY(1) I = l , 4  

The actual measurement vector, %, described in s e c t i o n  8 

JX(1, J) I = 1, 21 J -- 1, 21 

J(1, J) is the synrmetric, state  error-covariance matrix defined in 
I = 1, 13 s e c t i o n  3; J(1, J) J = 1 4 ,  21 i s  not used by 
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t h e  program. 

J, the J(1, J) matrix w i l l  be designated as  JX(1, J) i n  
the program. 

To avoid c o n f l i c t  w i th  t h e  i n t e g e r  

P(1) I = 1, 180 

H I )  consists of input constants and program generated constants. 
The first 126 P's are defined below. The remaining 54 P 's  
are reserved for future use by the program. If storage is  
a problem, the first 104 PIS m y  be equivalenced t o  
=(I, J) I = 1, 13 J = 14, 21. 

T = the RI" matrix. (RNP) is used t o  
convert s ta t ion location t o  MNBY 
coordinates. 

Te, time tag of state vector i n  the f i l t e r  

ATF, f i l ter  integration step size 

A b ,  the maxipmrm AT used by TRAJ 

To, current observation t b c  

ATo, time interval between usable observations 
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. -  

P(20) P TL, constant time lag between real time and To 

821) = TD, desired time of output state  vector 

P(22) = TDL, the last value of TD 

~(23) = time tag for output from program 

IM position and velocity output 
from the program, With time tag 
of P(23), and in MNBY selenocentric 
coordinates 

P(~+29) = 

P(34) = longitude of transmitter 

longitude (+ east) of station L ,  L = 1, 4 

P(L+34) = cos ' P I L  + % cos = -&.$ + (@2' Y L = 1, 4 

p(39) = €$ cos (9' + H cos cp for trsnsmitter 

P(~+39) = 

~ ( 4 4 )  

P(45) 

sin 'ptL + 5 sin '9, = z&, L = 1, 4 

= % sin 'pl + H sin cp for transmitter 

P apaximum allowable value of I+, + E W y 1  before station L ' a  

data is deleted by the filter 

P(46) = a2 f o r  a 3-way station 

~ ( 4 7 )  = 3 for a 2-way station 
w3 

lu3 

~ ( ~ + 4 7 )  = a2 for station L, L = 1, 4 m3 
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P(L+5l)  = t+,, the a priori estimate of the station L "rate bias" 

e r r o r ,  L = 1, 4 

p ( ~ + 5 5 )  = value for l as t  cyc le  of N* = YY(L), L = 1, 4 FL 

position and velocity of the moon 
with respect to  the earth i n  
geocentric, M14BY coordinates 

= %/E 

P( 61 = YM/E 

P(62) $/E 

P(63) = $/E 

= ?M/E 

H65) = &/E 

P(66) = %, earth's gravitational constant 

P(67) = 9 moon's gravitational constant 

P(68) = PE + % 
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2 

2 

2 

2 

u"S 

u& 

%I 

2 
a6 

a 
acceleration 

ATo2, velocity variance due t o  random gravitational 

, a measurement data constant % 'tr 
C 

biasing frequency for all stations w3' 

c, the speed of l i gh t  

%rth, angular velocity of the ear th  

for  station L ,  L = I, 4 = 

~(101) = a2 variance of measurement noise w '  

P(102) = i n i t i a l  value of J(1, I)  I = 1, 3 fo r  descent 

P(103) = i n i t i a l  value of J(1, I)  I = 4, 6 for  descent 
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P(l04) = i n i t i a l  value of J(I, I)  I = 7, 8 for descent- 

P(lO5) = initial value of J(1, I) I = 9 for  descent 

P(106) = i n i t i a l  value of J(I, I )  I = 1, 3 for  ascent 

P(107) = i n i t i a l  value of J(I, I) I = 4, 6 for  ascent 

P(108) = ini t ia l .  value of J(1, I )  I = 7, 8 for ascent 

P ( l O 9 )  = i n i t i a l  value of J(I, I)  I = 9 for ascent 

P(L+lOg) = A n p ( L )  L = 1, 4 ,  t h e  p a s t  value of A Y Y ( L )  

the minimum allowable value of AW(L) 

the maximum allowable value of AW(L) *W’ 

the maximum allorable value of IAYY( L) -AYYp(L) 1 

i n i t i a l  value of mass f o r  descent 

i n i t i a l  value of mas8 for ascent 

approximate value of the t r a n s i t  time of electromagnetic 
waves fram the spacecraft t o  the receiving s ta t ion  

motor on time, In  hours from midnight of launch day, 
for descent ;  motor on t ime should be at the start of 

ullage 

i n i t i d  value of % f o r  ascent 

2 pavered f l i g h t  value of a& , used when tracking data 
I s  available 

- .  
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P(123)  = 

P(124)  = ~a 
P(125)  = 

~ ( 1 2 6 )  = 

A l l  

powered f l i g h t  va lue  of u2- 
EM 

a v a i l a b l e  

t i m e  i n t e r v a l  f o r  processing f ree  f l i g h t  t r ack ing  d a t a  p r i o r  

t o  powered descent  i n i t i a t i o n  

t i m e  o f f s e t  t o  engine-on-time f o r  t h e  a scen t  phase 

t i m e  o f f s e t  t o  engine-on-time f o r  t h e  descent  phase 

used when no t r a c k i n g  d a t a  i s  

14.3 Temporary Storage Variables 

temporary s to rage  va r i ab le s  are double p rec i s ion .  The s i z e s  
of t h e  var ious  ma t r i ces  and vec tors  a r e  shown he re .  

M(4,  21) 4) n(4, 4) B ( 2 L  4) 

4 1 3 ,  13)  y( 4) E( 169) 

To save s t o r a g e ,  t h e  vec tor  E ( 1 )  should be equivalenced t o  t h e  169 ele- 
ments of A ( 1 ,  J ) .  
t o  t h e  f i r s t  84 elements of A ( I  , J )  , and B(1, J )  should be  equivalenced 
t o  t h e  next  84 elements of A ( 1 ,  J ) .  
of t h e  program i s  not  dependent upon t h e  equivalence of t h e  above 
v a r i a b l e s .  The equivalencing i s  only a s to rage  saving f e a t u r e .  

Also,  t h e  matrix D ( 1 ,  J) should be equivalenced 

However, note  t h a t  t h e  opera t ion  a 
The t o t a l  s to rage  requi red  by t h e  v a r i a b l e s  mentioned i n  t h i s  

s e c t i o n ,  and t h e  preceding two sec t ions ,  i s  1782 words of core 
s to rage .  Note t h a t  a s i n g l e  p rec i s ion  ve r s ion  of t h i s  program 
( p r a c t i c a l  only on a CDC machine) r e q u i r e s  only 915 words of core 
s t o r a g e .  

1 4 . 4  The Subroutine TRANST Programing I n s t r u c t i o n s  

I n  s e c t i o n  1 2 ,  t h e  engineering equat ions f o r  t h e  subrout ine TRANST 
were d iscussed .  
programing i n s t r u c t i o n s  by t h e  d e f i n i t i o n s  of t h e  E c e l l s  shown he re .  

The engineer ing equat ions a r e  "linked" t o  t h e  
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E(L+) = T~ - fCT 

The d e t a i l e d  programing i n s t r u c t i o n s  are as follows 
I . -  

E ( l )  = P(96)*P(18) 

E(L+l) = P(L+3k)*D@(P(L+29) + E ( 1 ) )  

E( L+5) = P( L+34)*DSIN( P( L+29) + E( 1)) 

E(L+25) = X ( 1 )  + E(L+85)*X(k) 

E(L+29) = X( 2 )  + E(L+85)*X( 5 )  

E ( L a 1 )  = E(L+29) - E(L+13) . 
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D $ b  I = l , 3  

E(I+59)  = P(I)*E( 56) + P(I+3)*E(57) + P(I+6)*P(44) 

b E( 1 6 2 )  = P(I)*E( 58) + P(I+3)*E( 59) 

D g c  L = l , 4  

E(L+73) = E(L+29) - E( 61) - E(L+89)*E( 64) 

E(L+77) = E(L+33) - ~ ( 6 2 )  - E(L+89)~E(65)  

Note that X ( I ) ,  P ( I ) ,  and E ( 1 )  should be i n  common. 

14.5 The Subrout ine  TRA,J Programing I n s t r u c t i o n s  
-.  

T h i s  subrout ine  w i l l  i n t e g r a t e  t h e  S i r s t  s i x  e lements  of t h e  s t a t e  
v e c t o r ,  and t h e  p o s i t i o n  and velocity of' t h e  moon o v e r  t h e  i n t e r v a l  
AT seconds according t o  t h e  e q u a t i o n s  o u t l i n e d  i n  s e c t i o n  5. 
maximum s t e p  s i z e  i s  c o n t r o l l e d  by t h e  l o g i c  shown i n  f i g u r e  6 .  A t  
t h e  p r e s e n t  t ime, it i s  not  a n t i c i p a t e d  t h a t  t h i s  o p t i o n  will ever be 
e x e r c i s e d .  It i s  i n c l u d e d  only  as a s a f e t y  p r e c a u t i o n  t o  a v o i d  a n  
o v e r l y  l a r g e  i n t e g r a t i o n  s t e p .  T h i s  o p t i o n  i s  des igned  p r i m a r i l y  
for f r e e - f l i g h t  i n t e g r a t i o n .  I S  t h e  o p t i o n  i s  e x e r c i s e d  i n  powered 
f'l i g h t  , T R A J  assumes that 

in l .e j i ra t ion  s t e p .  

The 

$y and M are  c o n s t a n t  o v e r  t h e  t o t a l  P' 
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A s  shown here,  t h e  d e f i n i t i o n s  of t h e  E c e l l s  l i n k  t h e  engineer ing 
equat ions t o  t h e  programing i n s t r u c t i o n s .  

E ( 1 )  = time of the state estimate 

E(2 )  = x 

E(5)  = 2 

E ( 3 )  = Y 

E(6 )  = i 

E(17)  = [UpN i- ~(18) = + cUrY E(19)  = I$,, + % 

E(20)  = sin qP E(21)  = s i n  SY 

E ( 2 2 )  = COS Sp ~ ( 2 3 )  = COS qy 

, E ( 2 4 )  = sin $, s i n  4 E(25)  = sin $, cos $, P 

E ( 2 6 )  = cos dy s i n  4 E(27)  = COS $y COS qP P 



E(47) = C E(48) = Cz 
X Y E(46) = c 

aj; ~ ( 6 3 )  = - 
a l k / E  
a? E(66) = - aj; 

a% 
E(67) = - 

a;; ~ ( 6 5 )  = - 

a? E(68) = - ab! 

-. 
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l E ( g 1 )  = - a.; 
a% 

.. 
E(93) = x 

I ... 
E ( 9 6 )  = x 

~a 

E(100)  = 3 

.- 

E(101)  = 3 
c 

E(1OZ) = 3 

E(104)  = 3 

a'i E(&) = - 
*./E 

ai' E(89)  = - 
a*Y 

ai' ~ ( 9 2 )  = - 

E ( 9 4 )  = 

E(97) = 

ai' E (87)  = - 
a54/E 

.. 
E(95) = ... E(98)  = z 
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The de ta i l ed  prograning  i n s t r u c t i o n s  a r e  shown he re .  Note t h a t  
X ( i ) ,  P(I), and E(1) should be i n  common. 

-. 
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d E(I+28) = DSQRT(E(I+27)) 

E(32) = E(31)*2/2.DO 
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f 

g 

h 

i 

E(I+lO3) = 3- W*E( 36)*E(I*8) 

Mg I = l , 3  

E( I+59) = E( lOO)*E( I + 5 4 )  + E( 102)*E( I & 2 )  

E( 1 6 2 )  = -E( lOo)*E(I+%) -E( 104)*E( 148)  

@ h  I = l , 2  

E( I+n) = E( lOl)*E( I+55) + E( 103)*E( 1 4 3 )  

E( I+74) = -E( 101)*E( I + 5 5 )  -E( 105)*E( 1 4 9 )  

E(’KL) = E ( 6 1 )  

E ( 7 4 )  = E(@+)  

M i  I = l , 2  

J = 57 + 3*I 

E ( J )  = E ( J )  - E(I+52)  

E(J+12)  = E(J+12)  - E(I+52)  

E(J+22)  = E(J+2)  

~ ( ~ + 2 3 )  = ~ ( ~ + i 3 )  

~ ( ~ + 2 4 )  = -E(J) - E ( J + ~ z )  

M j  1 = 1 , 3  

J = 55 + U*I 

E( J )  = E( 58)*( -P( 1+73)*E( 2 7 )  + P( 1+76)*E( 26) ) 

E( J+1) = E( 58)+( P( I+73)*E( 24) + P( 1+76)*E( 2 5 )  -P( I+m)*E( 2 3 ) )  

E( J + 2 )  = E( I+bj)*E( 59) 

E( J+3) = -E( 1*5)*E( 38) 

-. 
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J = 49 + ll*I 

E( 1-92) = -E( 42)*E(I+13) -E( 30)*E( I+1) -E( 3 6 ) * ~ (  I+7) -E( I+45)*E( 58) 

E(I+95) = E( J)*E( 5 )  + E( J+l)*E( 6) + E( J+Z)*E( 7) + E( J+3)*E( 11) 
+ E( J+4)*E( 12) + E( J+5)*E( 13) + E( J+6)*E( 17) 
+ E( J+'7)*E( 18) + E( J+8)*E( 19) 

k E(I+1) = E(I+l) + E(I*)*E(31) + E(IS92)*E(32) + E(I+95)*E(33) 

Dgdm I = l , 3  

E( I+lO) = E( I+lO) -E( 52)*E( I+7)*E( 31) 
I E(I+7) = E(I+7)*(1*DO + E( 52)*E( 32)) + E(I+lO)*E( 31) 

14.6 Programing I n s t r u c t i o n s  for Blocks 1 and 2 

Blocks 1 and 2 a r e  t h e  f i r s t  two blocks i n  t h e  o v e r a l l  block 
The programing i n s t r u c t i o n s  for t h e s e  diagram shown i n  f i g u r e  5. 

two blocks are shown here .  Based on r e s u l t s  from f u t u r e  s imula t ion  
s t u d i e s ,  t h e  equat ions i n  block 1 may have t o  be s l i g h t l y  modified. 
The l o g i c  f o r  block 1 is  included i n  flow c h a r t  1 of t h e  appendix. 

comment BEGIN BLOCK 1 

Input  t h e  nonzero P(I) input  cons tan ts .  

inc luding  zero va lues ,  a r e  read  i n ,  t hen  omit zeroing 

P(1) above.)  

(If a l l  P(I), 

Se t  descent  (F(32) = 01, ascent  ( F ( 3 2 )  = 1) f l a g .  



Read i n  the RNP matrix a s  sham below: 

P(5) P ( 6 y  = RNP 

P(8) p(9) 

Obtain t i m e  o f  powered f l i g h t  i n i t i a t i o n  from Mission Plan 
Table (MPT) and store i n  F ( 1 2 0 )  

cmmeril TNITIATITZE FOR DESCENT OR ASCENT 

I F  (F(32) 1 0) Go TO YY 

P(13) = P(1x)) - P(124) 
IF((TRL - P(20)). LT. P(15)) 

IF ( (TRL - P(20)). TJT. P(120)) GO TO ww 

TO XX 

P(l,>) = P(120) 

131.8) = ( ? l n r ,  - ~ ( 2 0 ) ) ~ ~  

STORE MPT m MCI VECTOR IN P(I) ,  I = 60, 63 

cx) To z z  

P(15) = TRI, - P(20) ww 
a 

xx P(18) = (P(l>) + P ( l l ? ) ) N  

a This s t e p ,  though e a s i l y  done, i s  very c r i t i c a l .  I f  not done 
proper ly ,  t h e  f i l t e r  may g e t  out  of "sync" wi th  t h e  observa t ion  t imes 
and f a i l  t o  take i n  any measurements. Note, also, t h a t  it i s  assumed 
tt1u. t  measurements a r e  a v a i l a b l e  exac t ly  on t h e  second mark. For 
example, 5-measurements-per-second d a t a  cannot be processed wi th  t i m e  
tags of 0 . 9 ,  1.1, 1.3, 1.5, 1.7, 1 . 9 ,  2 .1 ,  ... seconds. 
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c 

CALL AEG. INTEGRATE MPT LM M C I  VECTOR TO P( 15 ) . 
STORE I N  P ( I ) ,  I = 6 0 ,  6 5 .  

Go To zz  

yy P(15) = P(120) - P(125) 
COMPUTE MCT STATE VECTOR OF LAUNCH S I T E .  (See f low chart  1 

in appendix. ) 

CALL ELVCNV. CONVERT MCT VECTOR TO M C I  AND STORE M C I  VECTOR 

I N  P ( I ) ,  I = 60, 6 5 .  
OBTAIN CSM M C I  STATE VECTOR AT P(15) FROM VEHICLE EPHEMERIS. 

STORE IN P ( I ) ,  I = 74, 79. 

zz  CALL ELVCNV. CONVERT LM M C I  VECTOR TO E C I .  STORE ECI  VECTOR 

I N  X(I), I = 1, 6 .  

I F  F ( 3 2 )  # 0 GO T@J b 

D @ a  I = l ,  3 

E(I) = P(I+59) 

E(I+~) = -p(1+62) 

Jx(1, I) = P(102) 



b 

C 

d 

comment 

e 
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E( 10) = E( l)*E( 5 )  -E( 2)*E( 4)  

f P(1) = P(I)@(11) 

comment BEGIN BLOCK 2 

CALL TRANST 

~(16) = ~(86) 

14.7 Programing Ins t ruc t ions  f o r  Blocks 3 ,  4, 5 ,  and 6 

These blocks c o n s t i t u t e  the  dynamics po r t ion  of t h e  program. 
Based on r e s u l t s  from f u t u r e  s imulat ion s t u d i e s ,  t h e  equat ions i n  
b lock  3 may have t o  be s l i g h t l y  modified. The log ic  f o r  a r e s t a r t  
procedure and t h e  l o g i c  f o r  block 3 are included i n  flow c h a r t s  2 and 
3 r e s p e c t i v e l y  of t h e  appendix. 

J u s t  before  t h e  in s t ruc t ion  "IF ~(18) + F(20) > cur ren t  t ime 
WAIT" i s  t h e  i d e a l  t ime t o  in t e r rup t  t h i s  program t o  perform o the r  
shared opera t ions  with t h e  computer. This i n s t r u c t i o n  fo rces  t h e  
program t o  be synchronized with r ea l  t i m e .  
w i l l .  execute " f a s t e r "  than  r e a l  t ime ,  t h e r e  always w i l l  be a pause 
at t h i s  i n s t r u c t i o n  t o  allow r e a l  t i m e  t o  ca t ch  up. 

Because t h e  program cyc le  
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a C#NlTNUE 

I F  (P( 18) + P( 20) ) > Tm (current time in hours) WAIT 

comment BEGIN S O C K  3 
I F  ( F ( 3 5 )  f 0) G@ T@ aaa 

I F  F(34) f 0 G$ T6 ab 

I F  P(15)  < P(120)  G 6  ‘I$ ag 

comment INITIALIZE THRUST ANGLE F#R DESCENT 

D$ aa 1 = 1, 3 

aa E(1)  = P ( I 6 2 )  - X ( I + 3 )  

aaa F ( 3 5 )  = 0 

E ( 4 )  = P(74)*E(1) + P(75)*E(2) + P(76)*E(3) 

E(5 )  = P(77)*E(1) + P(78)*E(2) + P(79)*E(3) 

E( 6) = 

E( 7) = DSQRT(E(4)m2 + E( 5 ) w )  

X ( 7 )  = DATANE(E(b), E ( 5 ) )  

X(8) = DATAN2(E(6), E( 7 ) )  

P( 8O)*E( 1) + P( 81)*~( 2 )  + P( 8 2 ) * ~ (  3) 

~ ~ ( 1 2 ,  1 2 )  = ~ ( 1 2 3 )  

P(90) = * P( 123) 

F(34) = 1 

comment SET DATA DR#F$W FLAG 

ab ~(31) = 1 

IF  (F (9 )  i- F(10) + F ( U )  + F(12)  = 0) SET F(31) = 0 

SET MASS FL@W RATE VARIANCE comment 

I F  (F (31)  - F(33)) ac, af, ad 

I -  

. .  

-. 
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comment SET N#KLNAL VALSE OF MD$T T# BEST ESTIMATE  IF MD$C 

af P(72) = P(72) + X(12) 

x(12)  = 0. Do 

comment BEGIN BLOCK 4 

b 

E(I+1)  = X ( I )  

E( I+7)  = P(I+59)  

CALL !rRAJ 

p(15) = E ( 1 )  

D $ c  I = l , 6  

X(1) = E(I+1)  

C P(I+59) = E(I+7)  

comment SET AT 
* 
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d 

e 

f 

g 

comment 

h 

comment 

I 

M ( 4 ,  1) = ~(16) 

G B T B e  

@f I = 7 , 9  

M ( 4 ,  1) = 0- Do 

X(1) = X(1) + E(I+lO)*n(b, 1) 

D# g I = 10, 13 

X(I) = x(I)*P(I) 

X( I+4) = X( I+4)*P( 14) 

BEGIN BLOCK 5 

l l @ h  J = 1 , 3  

K = 4 8 + U i d  

D # h  I = l , 3  

K = K+1 

M(J, I)  = ~ ( ~ ) w P ( 1 6 )  

M(J, 16) = E(K+6)*P(16) 

M(J, I+U) = ~(~+g)*P(16)  

BEGIN BLOCK 6 

D $ k  I = l , 1 3  

D $ i  J = l , 3  

A(1, J) = JX(1 ,  J)  + JX(1, J+3)*P(16) 

A(1, J+3) = JX(1, l)M(J, 1) + =(I, 2)w(J, 2) 

+ JX(1, 3)a(J ,3)  + 7)m(J, 7) 
+ JX(I, 8)MJ,8) + =(I, 9)m(J, 9)  
+ =(I, 12)M(J, 1 2 )  + =(I, 13)M(J, 13) 
+ =(I, J+3) 
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L 

m JX(1, J)  = A ( 1 ,  J) + A ( I + 3 ,  ~)+p(16)  

L = I + 3  

D$n J = L , 1 3  

D B O  1 = ? , 9  

DQ o J =  I, 13 

0 JX(1, J) = A ( 1 ,  J) + A ( I + 3 ,  J)H(4, 1) 

D@ p I = 10, 13  

M P  J = I , 1 3  

P JX(1, J) = P(I)*A(I, J) 

N s  I = 2 , 1 3  

L = 1-1 

@ r  1 = 1 , 4  

A(1, J) = P(lk)+JX(I+13, J) 
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r 

S 

t 

U 

V 

W 

-. 

comment ADD R 

D # x  1 = 4 , 6  



. 
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D# y 

JX(I, I) = =(I, I) +P(I+73)*P(I+78) 

I = 10, 13 

Y JX(I+b, 1 4) = =(I&, 1 4 )  + P(87)*P(I+38) 

14.8 Programing I n s t r u c t i o n s  f o r  Blocks 7 through 14 

The check on IF(1)l + IF(2)I  + IF(3)I + \~(4)1, shown f u n c t i o n a l l y  
between blocks 9 and 10 i n  t h e  o v e r a l l  block diagram, i s  made by 
equiva len t  checks a t  t h e  beginning of block 10. 

comment BEGIN BLOCK 7 

M =  0 

@ g  L = l , 4  

IF there is a gooda cycle count for  the Lth station in  the 

interval ~(18) -1.D-5 to ~(18) + 1.D-5 hours G$ l$ a 

P(L+l09) = 0.m 
M = M+1 

F ( L + ~ )  = o 
F(L) = o 

W@f 

a The word good means t h a t  t h e  t r ack ing  s t a t i o n  has  a t t ached  a 
good l a b e l  t o  t h e  da t a .  
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a Store count i n  YY(L) 

Set F(L+12) = 0 f o r  3-way Doppler. b 

Set  F(L+12) = 1 for 2-way Doppler) 

Load station ID number into F(L+16) P 
Load k, a priori "rate bias" i n  cycles/hour, into p ( L + 5 l ) .  

E(94)  = W L )  -P(L+55) 

I F  (E(94) 5 P(114)) @ !I$ b 

IF (E(94) 2 P(115)) G# @ b 

IF ( D B ( E ( 9 4 )  -p(L+l09))) 2 ~(116) @ !I$ b 

F ( L + ~ )  = 1 

NTBC 

b F ( L + ~ )  = o 

C P(LtlO9) = E(94) 

IF (F(L+b) -F(L+8)) > 0 @ T# d 

F(L) = o 

@ W e  

d F(L)  = 1 

e IF ~(~+16) = F(L+21) Gjd @ f 

b The information concerning t h e  f l a g ,  F (L  + 12), and t h e  s t a t i o n  
T l l  number, F(L + 16), i s  contained i n  t h e  t r a c k i n g  s t a t i o n  inpu t  word. 



. 

L 

Load geodetic longitude of s ta t ion  F( ~ + 1 6 )  in to  P( L+Z9). a 

Load 

Load 

cos cp' + H cos cp for s tat ion F(L+16) in to  P(L+34).a 
a s i n  cp' + H s i n  cp for s tat ion ~ ( ~ + 1 6 )  in to  P(L+39). 

F(L) = -1 

f P(L+55) = W L )  

g F ( L + ~ )  = ~ ( ~ i - 4 )  

I F M = h c Q I ! l $ i  

Load transmitter I D  into F( 21) .  

I F  F(21) = F(26) G$ 'I$ i 

* 
Load geodetic longitude of s tat ion F( 21) into  P( 34).  

Load % cos cp' + H cos cp 

Load s i n  cp' + H s i n  cp 

D$h I = l , 4  

* 
for s tat ion F(21) into  P( 39). 

for s tat ion F(21) into  P(44). 
* 

h F(1) = -1 

i D $ j  1 = l , 5  

j F(I+21) = ~(1+16) 

comment BEGIN BLOCK 8 

CALL TRANST 

P(16) = E(%) + P( l9 )  

a 
These q u a n t i t i e s  may be loaded d i r e c t l y  from t h e  s t a t i o n  

c h a r a c t e r i s t i c s  t a b l e .  
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comment BEGIN PaOCK 9 

@ o  L = l , 4  

IF F ( L + ~ )  = o GB Tpl m 

K = L+33 

M(L, ~+i3) = ~ ( 1 8 )  -P(L+%) 

M(L, ~+i7) = -1.~0 

D $ k  J = l , 3  

K = K+4 

M(L, J) = P(93)*(E(K)/E(L+49) i- E(K+32)/E(L+81)) 

k M(L, J+3) = E(L+85)M(L,  J) 

G B N o  

m ~ $ n  1 = 1 , 6  

n M(L, I) = 0. DO 

M(L, ~+i3) = 0. DO 

M(L, ~+i7) = 0. DO 

0 CONTINUE 

conrment BEGIN BLOCK 10 

D@v L = l , 4  

IF ( F ( L ) )  = o G# T$ v 

-.-( L + ~ Y )  z z  ?( 93 : +( E( ~ + 4 9 )  + E( L+& ) ) -w( L )  

~ ( ~ 9 6 )  = P(18j 

D@ p J = 1, 21 

P JX(Lt17, J) = 0. DO 

D$ q J = 14, 21 



9 

89 

JX(J, L+17) = 0. DO 

' .  

r 

9 

t 

I U 

V 

W 

X(L+13) = 0- DO 

DQt J = l , 2 1  

Dpl u J = 14, 2 1  

JX(J, L+l3) = 0. DO 

JX(L+13, L+13) = P(L4-47) 

CQhTIVUE 

D Q Z  L = l , 4  

IF  ( F ( L ) )  = 0 C$ TpI 2 

D#w J =  1, 2 1  

X 



Y 

z 

comment 

aa 

comment 

comment 

ab 

aC 

comment 

JX(L+17, L+17) = JX(L+17, L+17) + P(101) 

M(L, ~ + i 3 )  = 0. DO 

M(L, L+U) = 0. DO 

My J = l , 6  

M(L, J) = 0- DO 

@IVTINUE 

BEGIN BLOCK 11 

W a a  L = l , 4  

Y(L) = YY(L) -P(93)*(E(L+Q) + E(L+81)) - (P(94)  + P(L+51) 

+ ~(~+13))*(~(18) -P(L+g6)) + X(L+17) 

IF ( F ( L + ~ ) )  = o SET Y(L) = 0. DO 

C@NTINUE 

~ ( 1 8 )  = P(18) + P(19) 

M = O  

B E G I N  ELOCK 12 

FORM D = J ( M  TRANSFOSE) 

Dg ac I = 1, 2 1  

M a c  J = l , 4  

D ( I ,  J) = JX(1, l ) + M ( J ,  1) + JX(1, 2)wM(J, 2 )  + JX(I, 3)w(J,3) 
+ JX(I, 4)+M(J, 4) + JX(I, 5)H(J,  5 )  + JX(1, 6)+MJ,6) 
+ JX( J+13, I)M( J, J+l3) + JX( J+17,I)*M( J, J+17) 

M ) R M H = M D + W  

@ a e  1 = 1 , 4  

M a d  J = l , I  



. 

ad 

af 

ag 

ai 

a3 

H ( 1 ,  J) = M ( 1 ,  l ) * D ( l ,  J) + M ( 1 ,  2)*D(2, J) + M ( 1 ,  3)*D(3, J) 
+ M ( 1 ,  4)*D(4, J) + M ( 1 ,  5)*D(5, J) + M ( 1 ,  6)*D(6, J) 
+ M ( 1 ,  1+13)*D(I+13, J) + M ( 1 ,  I + 1 7 ) u D ( I + 1 7 ,  J) 

ae H(1,  I )  = H ( 1 ,  I )  + P(101) 

comment ]FORM H = E INVERSE 

H ( l ,  1) = l .DO/H(l ,  1) 

@ a d  J = l , 3  

L = J+1 

D# af I = l,J 

H ( 1 ,  L )  = 0. DO 

@ a f  K = l ,  J 

H(I, L )  = H(I, L )  - H(L, K)*H(I, K) 

w a g  K = l , J  

H(L, L) = H(L, L )  + H(L, K)*H(K, L )  

H(L, L)  = i . m b ( ~ ,  L) 
@ a h  I = l , J  

ah H(L,  I) = H(1, L)*H(L, L) 

@ a i  I = l , J  

@ a i  K = I , J  

H ( 1 ,  K )  = H ( I ,  K) + H ( I ,  L)*H(L, K) 

H(K, I )  = H(1,  K) 

@ a j  I = l , J  

H(I, L )  = H(L, I )  



coment BEGIN BLOCK 13 

@an ~ = l , 4  

IF (F(L+8)) = 0 G# @ an 

K = ~ + 1 3  

H(L, 1) = DABS(P(L+51) + X(K) + B(K, 1)+Y(1) + B(K, 2)*Y(2) 

+ B(K, 3 ) + ~ ( 3 )  + B(K, 4)*~(4)) 

I 

IF (H(L, 1) < P(45)) @ @ a* 
~ ( ~ 4 3 )  = o 

J = ' 1 ,  6 

am M(L, J) = 0. DO 

M(L, K )  = 0. DO 

M(L, L+U) = 0 .  DO 

an C$N!CINUE 

@ a o  ~ = l , 4  

IF (F(L+4) = 0 )  @ "$ ao 



a0 CeJNTINUE 
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1 .  comment B E G I N  BLOCK 14 

aP C$?hTINUE 

comment C~RRECT STATE VECT#R 

comment CgRRECT STATE ERR$R C@ARIANCE MATRIX 

c 

D$ ar 

D$ ar 

I = 1, 13 

J = I, 13 

ar JX(J, I) . = JX(1, J) 

D$ at I - 14, 21 

D$ at J = I, 21 

at JX(J, I) = J X ( 1 ,  J) 
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14.9 Programing I n s t r u c t i o n s  f o r  Blocks 15 and 16  

These two blocks provide t h e  p o s i t i o n  and v e l o c i t y  of t h e  LM i n  
s e l e n o c e n t r i c ,  MNBY coord ina tes  wi th  u n i t s  of e a r t h  r a d i i  and e a r t h  
r a d i i  per  hour. 
The pos i t i on  and v e l o c i t y  vec to r s  are s t o r e d  i n  P ( I  + 23) I = 1, 6. 

The time t a g  of t h e s e  vec to r s  i s  s t o r e d  i n  P ( 2 3 ) .  

The des i r ed  t i m e ,  TD, of t h e  state vec to r  i s  loaded i n t o  P (21)  

anywhere i n  t h e  program p r i o r  t o  t h i s  t ime.  The program w i l l  genera te  
a s t a t e  vec tor  f o r  t h i s  p a r t i c u l a r  t i m e  each t i m e  t h e r e  i s  a change 
i n  t h e  value of TD. For example, t h e  program may be i n t e r r u p t e d  a f t e r  

block 1 4  t o  load  TD i n t o  P ( 2 1 ) .  

t h i s  time may be read  ou t .  

Then, a f t e r  block 16 ,  t h e  s ta te  f o r  

I F  (P (21) )  = O a D O  C$ @ c 

IF (P (21) )  = P(22) CQ 'I$ c 

comment BEGIN BLOCK 1 5  

E(31)  = P ( 2 1 )  - P(15) 

E ( I + l )  = X ( 1 )  

a E ( I + 7 )  = P(I+59) 

P(22) = P(21) 

CALL TRAJ 

comment BEGIN BLOCK 16 

p(23) = P(21) 

w b  I = 2 , 7  

b P(I+22) = E ( 1 )  - E(I+6)  

C C#NTINUE 

@ 'I$ "continue statement preceding block  3". 
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15.0 CONTROLS AND DISPLAYS 

. 

c 

General d e s c r i p t i o n s  a r e  presented of t h e  var ious  con t ro l s  and 
dis;Tlays used i n  t h e  program. More d e t a i l e d  d e s c r i p t i o n s  can be found 
i n  r e fe rence  2. 

1 5 . 1  Manual Entry Device (MED) 

a Ascent - descent  s i tes  - The ascent-descent s i tes  device  s p e c i f i e s  
up t o  four  s i t e s  t o  be processed i n  t h e  high-speed mode. 
a l lows t h e  c o n t r o l l e r  t o  change any of  t h e  s i tes  being processed and 
t o  r e i n i t i a l i z e  t h e  d a t a  tables for a l l  t r a c k e r s  i f  a change i n  t h e  
i d e n t i t y  of t h e  two-vay s i t e  occurs.  

This  MED a l s o  

15.2 Push Button I n d i c a t o r s  

1. Stop TBI - The s t o p  PBI allows t h e  c o n t r o l l e r  t o  te rmina te  
program processing.  

a 
2. S t a t i o n  e d i t  - The group of fou r  S ta t ion -ed i t  PBI 's  determines 

which s i t e s  are t o  be processed by t h e  powered-flight d a t a  processor .  
The a b i l i t y  exis ts  t o  e d i t  s i t es  i n  or out  of t h e  program processing.  

3. A l l  except PBI" - The All-except PBI informs t h e  program t o  
process  t h e  t r ack ing  data from a l l  s t a t i o n s  wi th  t h e  except ion of t h e  
s t a t i o n  whose e d i t  PBI a l s o  w a s  en te red .  If t h e  a l l -except  PBI IS 
en te red  a lone ,  t h e  data of a l l  s i t e s  i s  i n s e r t e d  f o r  program processing.  

4, PGNCS r e s t a r t  - The PGNCS-restart PBI enables  t h e  program 
process ing  t o  res tar t  and s p e c i f i e s  t h a t  t h e  t w o  most c-arrent PGNCS 
vec to r s  be used i n  t h e  r e s t a r t  procedure.  

5 .  AGS r e s t a r t  - The AGS-restart PBI enables  t h e  program processing 
t o  restart  and s p e c i f i e s  t h a t  the two most cu r ren t  AGS ;rectors be used i n  
t h e  restart procedure.  

15 .3  Displays 

1. LM descent /abort  vec tor  s e l e c t i o n  - The LM descent/a 'port  vec to r  
s e l e c t i o n  d i sp lay  provides an analog t r e n d  curve of W versus  h 
f o r  PGNCS, AGS, and MSFN dur,ing t h e  luna r  descent  phase or descent  
abor t  phase. 
Veloc i ty  vec to r  component as computed by PGNCS , AGS , and MSFN. 

The quan t i ty  W i s  t h e  magnitude of t h e  out-of-plane 

a 
This c o n t r o l  w a s  pre-riously designed for t h e  RTCC (ref. 1) and i s  

c u r r e n t l y  a phys ica l  p a r t  of the  RTCC con t ro l  system. 



+ 
where V = M C I  v e l o c i t y  vec to r  of 5 M  a t  t LM/i  i 

= LM engine-on-tLme f o r  polrered luna r  descent  t~~~ 
-+ 

I GN 
= pos i t i on  vec tor  of landing s i t e  a t  t RLS 

+ 
I GN 

= pos i t i on  vec to r  of  LM a t  t RLM 

The value h i s  the  a l t i t u d e  r a t e  a t  which t h e  LM approaches t h e  l u n a r  
su r face  as computed by each of t h e  t n r e e  systems. 

I n  addi t ion  t o  t h e  t!iree analog curves ,  d i g i t a l  q u a n t i t i e s  a r e  a l s o  
disoldyed which include -ralues of  p i t c h  angle ,  yaw angle ,  LM mass, and 
LM mass flow r a t e  as computed by t h e  MSFN high-speed processor ;  a l ' t i tude  
,iI ove t h e  lunar  sur face  as computed by MSFN, PGNCS, and AGS; t r a c k e r  I D ' S  
f ) r  t h e  s i t e s  being processed;  and numerical  values  and i n d i c a t o r s  which 
desc r ibe  t h e  s t a t u s  of t h e  t r a c k i n g  s i tes  being processed.  
d e t a i l s ,  s e e  re ference  2 .  

For more 

2. The LM ascent  vec tor  s e l e c t i o n  - The LM ascen t  v e c t o r  s e l e c t i o n  
-f 

d i sp lay  provides an analog t r c n d  curve of 
and MSFN during the luna r  ascent  phase. The quan t i ty  i s  t h e  magnitude 
of t h e  LM-velocity vec tor  as computed by PGNCS, AGS, and MSFN. 
descen t ,  W i s  t h e  magnitiide of t h e  out-of-plane component of t h e  v e l o c i t y  
vec tor  as determined by each of  t h e  t h r e e  systems, bu t  it i s  computed 
i n  a d i f f e r e n t  method than  i s  used f o r  descen t .  

versus  I V (  f o r  PGNCS, AGS, 

A s  f o r  

, 
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I *  

-f 
= M C I  v e l o c i t y  vec tor  of LM a t  t 

L M / i  i 
where V 

= pred ic t ed  t i m e  of LM i n s e r t i o n  i n t o  l u n a r  o r b i t  t~~~ 

INS 
= pred ic t ed  LM pos i t i on  v e c t o r  a t  t RLM 

INS 
= pred ic t ed  LM ve loc i ty  vec to r  a t  t %M 

For more d e t a i l s ,  s e e  r e fe rence  2. 
d i sp layed  for ascent  as a r e  for descent .  

The same d i g i t a l  q u a n t i t i e s  a r e  



I. 
I 

I .  

a 
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APPENDIX 

DETAILED FLOW CHARTS FOR BLOCK 1, RESTART, AND BLOCK 3 
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t 
ENABLE AND LOAD 
PROCESSOR. SPECIFY 
VEHICLE PHASE: 

F(32)= 0 F O R  DESCENT 
F(32)= 1 FOR ASCENT 

c 2 

ZERO OUT THE FOLLOWING ARRAYS: 
F(I), X(I), YYO), JX(I,J), PO), Y(I) 

A 

INITIALIZE ELEMENTS 

OBTAIN TIME OF POWERED FLIGHT 
INITIATION (TPFI) FROM MISSION 
PLAN TABLE AND LOAD I N  P(120) 

I 

Flow chart 1.- Block 1 .  

Page 1 of 6 



1 SET FILTER TIME EQUAL TO TIME 
OF LUNAR LAUNCH - A T A S C  

P(15) = P(120) - P(125) 
I DESCENT PHASE ?I-- - 

COMPUTE NOMINAL TIME 
TO INITIATE PROCESSING 
DESCENTDATA 

OBTAIN CURRENT 
TIME ( T R S  IN 

I S  CURRENT 
REALTIME TOO I 

t 
COMPUTE L M  MCTPOSITION 
VECTOR AT P(15) USING 

SET VELOCITY VECTOR TO 
ZERO. 
XLMIM = R COS#COSX 

R, X,+OF LAUNCH SITE. 

YLM/M = R COS4SlNX 

ZLM/M = R SIN+ 

'L M/M = YL M/M = 2, M/M =O 

ELVCNV 
V 

CONVERT MCT STATE VECTOR OF 
L M  TO MCI AND STORE MCI VECTOR 
TEMPORARILY IN P(I), I = 60,65 

I FILTER TIME \, 

NO 
> P(15) 

YES 

c 
OBTAIN CSM MCI STATE VECTOR AT 
TIME P(15) FROM VEHICLE EPHEMERIS 
AND STORE IN P(I), I = 74,79 

P(15) = TRL - P(20) 

J 

18) = (P(15) t P(1 19NR 
P(15) = P(120) 
P(18) = cRL- P(20j)R 

1PTAlN LM MCI STATE 
'ECTOR AT TIME P(120) 
'POM MISSION PLAN TAGLE 
,ND INTEGRATE TO TIME 
T15) USING AEG. STORE 
'ECTOR TEMPORARILY IN 
)(I), I = 60,65  

t 
OETAIN LM MCI STATE VECTOR 
AT TIME P(120) FROM MISSION 
PLAN TABLE AND STORE IN P(I1 
I = 6 0 ,  65 

Page 2 of 6 

Flow chart 1.- Block I - Continued. 

c 

f 



ELVCNV 
CONVERT MCI STATE VECTOR OF LM 
AT TIME P115) TO ECI AND STORE ECI 
VECTOR IN X(I), I= 1,6 

t 
OBTAIN RNP MATRIX FOR TIME P(15) 
AND STORE IN P(I), I = 1, 9. THE 
RNP MATRIX IS FORMED AS 

r 
INITIALIZE FOLLOWING DIAGONAL ELEMENTS 
OF JX-MATRIX FOR DESCENT 

JX (I + 3, I + 31 = 
JX(I,I) = P(102) 

JX(7,7) = P(104) 
JX(8,8) = P(104) 
JX(9.9) = P(105) 

l = l , 3  

. 

-!--- e=-- F(32) = 0 

P E S  
I 

STORE MCI LM POSITION VECTOR AND 
NEGATIVE VELOCITY VECTOR INTO 
TEMPORARY LOCATIONS 

E(I + 3) = -P(I + 
E(I) = P(I + 59) l = l , 3  

OBTAIN INITIAL VALUE OF LM MASS FOR DESCENT 
FROM MISSION PLAN TABLE AND STORE IN P(117)*SET I X(9) = P(117) 

Page 3 of 6 

Flow chart 1.- Block I - Continued. 



STORE CSM MCI STATE VECTOR IN TEMPORARY LOCATIONS 
EO) = P(I + 73) l = l , 6  

t 
INITIALIZE FOLLOW1 NG DIAGONAL 
ELEMENTS OF JX-M FOR ASCENT 

JX(1+3, l+3 1 = P(107)  
JX(I , I )  = P(106)  

JX(7,7)= P(108)  
JX(8,8)= P(1081 
JX(9,9)= P(109)  

I = 1,3 

t 

+ 
OBTAIN INITIAL VALUE OF MASS (MI FOR ASCENT FROM 
MISSION PLAN TABLE AND STORE IN P(118)  

’ 
INITIALIZE FOLLOWING ELEMENTS OF JX-MATRIX 

JX(10, lO)  = P(88) 
JX(11,11)=  P(89) 
JX(13,13) = P(9 1) 

INITIALIZE r:i , MNl M FOR ASCENT 

P(90) = P(123)  
P(72)= P(121) 

1 INITIALIZE VALUE OF PITCH ANGLE FOR ASCENT I X(7) = 1.5625 DO 

Flow chart 1. - Block I - Continued. 



. 
-L 

COMPUTE 151 = (RLM/MI 
FOR DESCENTORASCENT 

COMPUTE f= 
P(I+ 73) = P(I + 59)/E(7) I = 1,3 

t 
a 

COMPUTE T2 X 7 = aLM,,M X SVLM/,,,,) FOR DESCENT 
3 -  

FOR ASCENT - 
- R ~ ~ ~ / ~  "CSM/M 

E(11) = DSQRT (P(77)%2 + P ( 7 8 1 M 2  f P ( 7 9 ) W a  

'$:e F ~ O W  chart 1.- Block I - Continued. 

5 of 6 
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4 A  I COMPUTE? = i x i  w u v  

& A I COMPUTE RM/E VMIEAND STORE I 

e "EXIT " 

F low chart 1.- Block I - Concluded. 
Page 6 of 6 

t 



'I RE START" 0 
WAIT & A  

R, V VECTORS FROM PGNCS 
1 

& A  

R, V VECTORS FROM PGNCS 
1 

OBTAIN 2 MOST CURRENT 

R, V VECTORS FROM AGS 
2 2  

STORE MORECURRENTOF 2 STATEVECTORS 
INTO PW, I = 60 ,  65 AND ITS L I M i  TAG 
INTO P(15). STORE OTHER t, R, V (IN 
THIS ORDER) INTO EW, I = 163, 1 6 9  

t 
ZERO 0 UT THE X(I) AND JX(1, J) 
ARRAYS; ALSO SET 
F(26)=  0 

Flow chart 2.- Restart. 



COMPUTE THRUST DIRECTION IN MCI SYSTEM USING 
T H E 2  TELEMETEREDSTATEVECTORS 

E(159)  = DSQRT ( E 0 6 0 1  f X 2  + E(161)  X X 2  + E(162)  X X 2 )  
E(I +- 159)= (E(I + 163)+ P(I + 59)1 /2 .00  

E(I) = (P(I + 62) - E(I + 166)) / ( P ( I 5 )  - E(163)) 

I =  1,3 

+ P(67) % E(I + 159)/E(159) X X 3  I = 1,3 

2 

COMPUTE RME AND FMK AND STORE 

P(I + 59)  = X(I) - P(I +59)  
I= 1, 6 - 

TO ECI; STORE ECI 
VECTOR IN XO), I = 1,6 

X(9)= 19 500# 

Page 2 of 3 
Flow chart 2.- Restart - Continued. 



. 

c 

1 COMPUTE VALUE OF L M  MASS FLOW RATE (h) 
P(72) = -X(9) X DSQRT (E(I) X X2 + E(2) X X 2  + E O )  % K?)/(P(69) % P(73j) 

DESCENT PHASE? t - - - 
J 

YES REINITIALIZE JX(I,I) 
I = 1, 9 FOR ASCENT RESTART 

REINITIALIZE JX(I , I ) ,  
I = 1, 9 FOR DESCENT RESTART 

I /  - 
I 

RESET JX(10, l o ) ,  JX(11, ll), 
AND JX(13, 13) FOR RESTART 

I 
SWITCH OFF RESTART PBI 

I 

F(L+8)= 0 L =  1, 4 
F(33)= 0 

INDICATE RESTART 

BLOCK 2 
Page 3 of 3 

Flow chart 2.- Restart - Concluded. 



. -  

I S  CURRENT OBSERVATION I NO 
TI ME S UFFlClENTLY WAIT T i -  BEHIND REAL TIME? 

I HAS RESTART FLAG 
I BEEN SET? T(35) = 0 

I S  PROGRAM IN 
FREE FLIGHT 
PHASE PRIOR TO 
POWEREDDESCENT? I 

YES 

I S  FILTER TIME 

-ON-TIME - AT FOR I I: DESCENT? 

LESS THAN MOTOR f- 

1 

ICOMPUTE INITIAL THRUST DIRECTION FOR 1 

I DESCENT @LM,M) IN MCI SYSTEM I EO) = P(I + 62)  - X(I + 3) I I = 1,3 

t 
1 

F(34) = 1 

TRANSFORM E(I), I = 1,3 TO u,v,w SYSTEM 

E(4) = P(74) m E(1) + P(75) 36 E(2) + P(76) 3C E(3) 
E(5) = P(77) X E(1) + P(78) 36 E(2) + P(79) 3C E(3) 
E(6) = P(80) rn E(1) + P(81) % E(2) + P(82) 8 E(3) 

6 
F low chart 3.- Block 3. 

Page 1 of 3 

. 



1.1 1 

COMPUTE PITCH AND YAW ANGLES 
OF THRUST VECTOR 

E(7) = DSQRT(E(4)xx2 + E(51mm2) 
X(7) = DATAN2(E(4), E(5)) 
X(S) = DATAN2(E(6), E(7)) 

1 
INITIALIZE @:r;l EQUAL TO POWERED FLIGHT 

VALUE USEDWHENNOGOODTRACKING DATA 
IS AVAlL4BLE 
JXU 2,121 = P(123) 
P(90) = P(123) 

h 

INITIALIZE DATA QUALITY FLAG TO GOOD 
F(31) = 1 

NO F ( 9 )  + F (10) 
+ F (11) + F (12) FROM 1 OR MORE OF FOUR 

SPECIFIED TRACKERS? t 
F(31) = 0 

t 

L' 

Page 2 of 3 

Flow chart 3.- Block 3 - Continued. 



I 1 
DATA QUALITY I 
STATUSUNCHANGED p, 

4 ~~~ 

FROM BAD TO GOOD 

'I 
FROM GOOD TO BAD 

L 

 SET^^,, EQUAL TO POWERED 

FLIGHT VALUE USED WHEN NO 
GOOD TRACKING DATA I S  
AVA I L ABLE 
P(90) = P(123)  

I 

.l SET~C,I;I EQUAL TO POWERED 

FLIGHT VALUE USED WHEN 
GOOD TRACKING DATA I S  
AVA I L A B L E  
JX(12,12)  = P(122)  

P(90) = y 1 2 2 )  , 

. 

I I 

SET NOMINAL VALUE 0F .M EQUAL 
TO BEST ESTIMATE OF M 
P(72) = P(72) + X U 2 1  

t 

1 
X U 2 1  = O.DO 

8 I' EXIT" 
Page 3 of 3 

Flow chart  3.- Block 3 - Concluded. 
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